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Abstract 
Silver is a precious metal that has traditionally been used for jewellery and money. 
It also possesses desirable properties such as being corrosion resistant and 
having good electrical conductivity, resulting in its use for industrial applications. 
Furthermore, it is also recognised for its tribological properties in non-cost 
prohibitive applications.  
Silver can be used as a surface coating and can be deposited using an 
electroplating process. The utilisation of silver as a surface coating is 
advantageous and sustainable, as the substrate material properties are 
enhanced while usage of silver is kept to a minimum. On the other hand, 
electroplating has been used for over a century. It is a process which is able to 
produce a layer of uniform and dense coating that adheres well to the substrate 
metal, thus modifying the properties of the substrate. It benefits from being 
relatively low cost and is scalable. Silver is electroplated onto stainless steel 
threaded compression fittings to prevent galling. Traditional silver electroplating, 
which contains the use of cyanide as a complexing agent in the electroplating 
bath, is still in use within industry, even to this day. Cyanide, in its various forms 
can be poisonous, toxic and even lethal, which presents a risk during the silver 
electroplating process. Furthermore, the toxic wastes created during the cyanide 
silver electroplating process are detrimental to the environment.  
The aim of this work is to develop a self-lubricating non-cyanide silver PTFE 
composite coating suitable for use in threaded compression fittings of the ferruled 
type. The composite can be considered self-lubricating when a concentration of 
8% or more by volume of the self-lubricating PTFE substance is incorporated.  
My original contribution to knowledge is firstly the successful development and 
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characterisation of a self-lubricating non-cynanide Ag-PTFE coating on stainless 
steel without a strike resulting in improved CoF of 0.06 from the CoF of 0.6 based 
on an unlubricated surface. Secondly is the application of a non-cyanide Ag-
PTFE MMC for threaded compression fittings. Thirdly is the characterisation of 
the make-up process of threaded compression fittings through the proposed use 
of the torque-angle slope in assessing coating performance for threaded 
compression fittings during make-up. 
Conclusions that can be drawn for the work are that the performance non-cyanide 
Ag-PTFE coating exceeded the performance of the pure Ag coating made using 
the same non-cyanide process. Moreover, the performance of the Ag-PTFE 
coating shows promising results when compared to the performance of the 
commercial silver cyanide coating. As a viable replacement to the current silver 
cyanide process, the self-lubricating non-cyanide Ag-PTFE coating, will improve 
the working conditions and have a positive contribution to the environment. 
Moreover, a thinner coating with has the potential to reduce raw material usage 
and electroplating waste disposal costs.  
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Chapter 1 Introduction 
 
Surface coatings on metal are typically applied to alter the surface properties of 
a surface (substrate) to improve its decorative and functional aspects as part of 
the finishing process. Decorative aspects may include physical aesthetics while 
functional aspects include improved chemical resistance and mechanical 
properties. These coatings may have decorative, functional or even dual 
purposes and often metals such as gold, silver, copper or nickel can be easily 
deposited on a substrate. These coatings are typically in the form of thin film 
depositions and range from nanometer thicknesses to micrometre thicknesses. 
To deposit the thin film onto a metal substrate, chemical or physical deposition 
processes may be used. Chemical deposition methods typically involve a fluid 
precursor which deposits a thin film after undergoing a chemical reaction to leave 
a solid layer. The physical deposition method, on the other hand, uses 
mechanical, electromagnetic or thermodynamic methods to produce a thin film 
[1]–[3]. Although the outcome of both methods will result in a thin film being 
deposited on the substrate layer, physical deposition methods utilise mechanical, 
electromagnetic or thermodynamic phenomena while chemical deposition 
typically involves using a fluid or gaseous precursor [1]–[3].  
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Electroplating is a high-performance, low-cost method of chemical deposition 
which is commercially viable and can be used in a wide variety of applications, 
from improving the aesthetics of a substrate to depositing semiconductors for 
electronics [4]. Silver is a metal which can be electroplated to provide desirable 
properties such as being a good conductor of electricity, chemically stable in 
being able to resist corrosion, and even being able to provide tribological 
improvements [5]–[9].  
Background of the problem 
One main issue when working with stainless steel as a substrate is galling. 
Galling is a phenomenon of surface damage as a result of sliding contact between 
solid surfaces under conditions of inadequate or no lubrication and under high 
contact pressure which is visible through macroscopic effects of surface 
roughening or protrusions [10], [11]. Under high compressive forces, the 
adhesion of the materials can cause slipping and tearing of crystal structures 
beneath the surface, which often results in material transfer, plastic flow or friction 
welding between the sliding surfaces.  
A silver coating on threaded stainless steel compression fittings is deposited 
through an electroplating process to prevent galling and is crucial to the 
successful assembly and sealability of the system as a whole. According to a 
major compression fitting manufacturer, this silver plating is used on the inner 
surfaces of the nut including its threads to remove the possibility of galling and 
reduce assembly torque [12]. The quality of the coating will thus affect the 
tribology in the assembly process which plays an important role in the integrity 
and sealability of the product; where tribology can be defined as the ‘science and 
technology of interacting surfaces in relative motion and of related subjects and 
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practices’ [13]. The variation in aspects such as galling resistance, friction, and 
wear will inevitably affect the make-up torque and interface contact pressure.  
The current commercial silver electroplating processes continue to utilise a 
traditional silver cyanide electroplating bath. Cyanide is both dangerous and 
noxious so that the wastes of the electroplating process require that cyanide as 
a poisonous substance to be carefully controlled from storage to use and 
ultimately disposal. The electroplating bath waste containing cyanide requires 
treatment through further chemical processing and disposal which typically 
involves either complete destruction with chlorine gas or conversion into the less 
poisonous cyanate which are costly and detrimental to the environment [14], [15]. 
Furthermore, workers are exposed to toxic cyanide gas which threatens their 
health and safety. 
Although traditional cyanide silver plating is typically associated with having 
detrimental effects on the environment, it can offer a consistent plating deposit 
quality at the lowest cost [15]. It was only in the 20th century that alternatives to 
silver cyanide electroplating were able to produce mirror bright and ductile 
surface finishes while also being able to adhere sufficiently to substrates upon 
which the silver film is being deposited [16]. Cyanide alternatives to silver 
electroplating include simple salts, inorganic complexes and organic complexes 
[15]. Although initial attempts at eliminating cyanide from silver electroplating had 
failed to meet the quality of surface finish produced by a cyanide bath, later 
successes were found in the use of inorganic complex thiosulfate and organic 
complex succinimide which have been successfully adopted for selective 
commercial uses [17].  
Self-lubricating non-cyanide silver-polytetrafluoroethylene composite coating for threaded 
compression fittings  © R.Sieh (2016) 
 
4 
 
Furthermore, research has also shown the potential for improving tribological 
properties of metal coatings through incorporating particles to form a metal matrix 
composite (MMC). There are benefits to incorporating dispersed foreign particles 
in a coating. Several authors have reported successes in obtaining performance 
enhancements from coatings [18]–[20]. Research into the incorporation of finely 
dispersed particles into a metallic matrix composite (MMC) has previously been 
successfully carried out [20]–[32]. Variables that affect particle incorporation 
include current density, pH and bath composition, hydrodynamics and particle 
size, type and shape [33]–[38]. Based on reviews of particle incorporation into 
MMCs, Walsh et. al. [39] believed that it is possible to incorporate chemically inert 
but hydrophobic PTFE particles with parameters such as particle size, surfactant 
type, and concentration being critical in obtaining high particle incorporation rates 
in the metal matrix through a stable plating bath. The authors also pointed out 
that the difficulty of obtaining PTFE suspension compatibility with the bath due to 
the anionic surfactants, alcoholic or aqueous liquid used. However, the benefits 
of PTFE in a MMC could be a reduction in coating thickness and thus material 
usage from coating performance improvements. Also, a self-lubricating coating 
would negate the use of liquid lubricants.  Based on 2007 values, 37.2 million 
tons of lubricants were used globally, with industrial lubricants making up 35% of 
this value (or just over 13 million tons). Lubricants prevent the onset of premature 
component failure through various mechanisms. However, liquid lubricants cause 
environmental pollution over its entire lifetime, from manufacture to its use and 
ultimately disposal due to emissions, spillages, leaks and waste from the 
manufacturing process. In Europe alone, it is estimated that over 2 million tons 
pollute the environment every year [40].  
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Purpose of the study  
The aim of the project is to develop a self-lubricating non-cyanide silver PTFE 
coating suitable for use in threaded compression fittings of the ferruled type. Self-
lubrication is defined as having a concentration of 8% or more by volume of the 
self-lubricating substance in the composite, whereby PTFE is the lubricating 
substance in this study. As such, studies carried out have been focused on 
developing a potential replacement for the existing cyanide silver electroplating 
bath with one that is less toxic to humans and environmentally friendly while still 
being able to perform under the demanding conditions required of it during the 
compression fitting make-up process.  
On the other hand, the objectives of the study are firstly to develop a non-cyanide 
silver electroplating bath capable of depositing a coating on a stainless-steel 
substrate. The second objective is to develop a self-lubricating coating that 
possesses superior tribological properties over a pure silver coating. The third 
objective is to investigate the performance of the non-cyanide silver and silver 
PTFE coating when used on threaded compression fittings.  
Significance of the study 
This study is significant for several reasons. Firstly, it has the potential to have a 
direct impact on improving the working conditions under which workers carrying 
out the electroplating process are subjected to on a daily basis. Secondly, the 
study also has the potential to provide a positive contribution to the environment 
from the removal of cyanide through purchase to use and ultimately disposal. 
Furthermore, potential cost savings can also be realised through less material 
usage and electroplating waste disposal costs. The benefits arising from this 
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project will have a positive impact towards social, economic and environmental 
issues, which are incidentally the three pillars of sustainability as set out by the 
Brundtland committee. 
Unique contribution to knowledge 
The unique contribution to knowledge as a result of this study is firstly the 
successful development and characterisation of a self-lubricating non-cynanide 
Ag-PTFE coating on stainless steel without a strike resulting in improved CoF of 
0.06 from the CoF of 0.6 based on an unlubricated surface. Secondly is the 
application of a non-cyanide Ag-PTFE MMC for threaded compression fittings. 
Thirdly is the characterisation of the make-up process of threaded compression 
fittings through the proposed use of the torque-angle slope in assessing coating 
performance for threaded compression fittings during make-up. 
Thesis structure and research design 
This work has been structured to investigate a suitable non-cyanide silver plating 
process based on using succinimide as a replacement salt to achieve project 
aims. Following that, characterisation of the coating have been carried out 
through the investigation into its tribological properties. The composite non-
cyanide Ag-PTFE coatings are compared against the performance of pure non-
cyanide silver using the same process. Development of the coating also includes 
testing of its performance characteristics during the make-up process of threaded 
compression fittings.  
The next two chapters of this thesis will present a literature review which is 
relevant to achieving the research aims and objectives. Considering that the 
electroplating process is a key part of the development of the coating, this will be 
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investigated along with the methods of particle incorporation to form a metal 
matrix composite coating.  
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Chapter 2 Contact mechanics of threaded compression fittings 
and Coating Deposition  
 
2.1 Introduction 
The previous chapter provided an overall introduction to this thesis and research 
project in addition to outlining project aims and objectives. The developed coating 
will ultimately be used on threaded compression fittings as part of the project aim. 
It is, therefore, important for a review of the current knowledge associated with 
threaded fittings to be made, with the particular focus on the mechanical and 
tribological aspects in relation to it, as tribology is impacted by the physical, 
chemical and mechanical properties of the material surface.  
This chapter is therefore organised to introduce concepts relating to tribology and 
contact mechanics firstly. Following that, the chapter will delve into the realm of 
threaded connections and threaded compression fittings in particular, drawing 
from concepts previously introduced. These provide a context and outline the 
conditions under which the coating will ultimately face during its use.   
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Furthermore, silver electroplating is carried out as a finishing process on the 
internal threads of the threaded compression fitting nut. Literature surrounding 
traditional silver electroplating, the incorporation of particles as part of the 
electroplating process and present research on silver composite coatings are 
also critically reviewed in this chapter.  
 
2.2 Contact Mechanics  
2.2.1 Tribology  
The study of tribology is the study of the science and technology behind 
interacting surfaces in relative motion that includes wear, friction, and lubrication. 
It incorporates mechanical engineering, physics, chemistry and even materials 
science. The word ‘tribos’ means ‘to rub’ in Greek, and the term was coined in 
the 1960s as a conscious attempt at scientifically naming the important 
applications of these sciences. According to the Jost Report where the term 
tribology originated, the application and understanding of tribological properties 
involved potential savings of approximately 1% of the British gross national 
product at the time [41]. Tribological studies encompass a wide range of 
applications, from the automotive to aerospace and aeronautics, computing 
storage technology and even human joints [42].  
Economic implications have motivated tribological studies because costs such as 
wear on equipment or machinery and losses in energy from friction can be 
quantifiable with relative ease. There are, however, other benefits that can be 
attributed to tribological improvement that are not as easy to quantify. These 
benefits can be attributed to environmental sustainability through reduced parts 
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or equipment waste through a reduction of friction and prolonging of component 
lifespan. Prolonging of component lifespan through tribological understanding 
would also lead to avoidance of premature wear which could ultimately result in 
the failure of critical components and potentially endanger human life. An 
increased understanding would also reduce the need for over-engineering 
components to compensate for lack of detailed knowledge such as accurate 
prediction models for friction and wear.  
Friction 
Friction has been in use by human beings since the Stone Age with the discovery 
of flint tools and the use of fire which had been unknowingly created through 
friction. The earliest studies of the subject can be traced back to 350 BC, where 
Thermistius discovered the frictional differences between sliding and rolling. 
Remarkably, it was only in the 1500s that studies into the phenomena of friction 
were only carried out by Leonardo Da Vinci who noted the first friction laws. 
Studies relating to friction were then further expanded by Isaac Newton in the 
1700s through Newton’s third law for the interaction of bodies. The rediscovery 
of friction laws in the late 1700s was attributed to the French inventor and 
physicist Guillaume Amontons, who proposed his laws of friction. Throughout the 
1800s, Leonhard Euler refined his roughness theory of friction and Coulomb 
proposed a model for friction between two surfaces of contact that demonstrates 
friction independence of roughness and sliding velocity.  It was only in the late 
19th century that Heinrich Hertz conducted the first study on contact of deformable 
solids. The 20th century saw many advances in theory on friction, with authors 
such as Holm, Ernst, and Merchant as well as Bowden and Tabor who carried 
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out studies on differences between the real and apparent contact areas and 
proposed the adhesion theory.  
The phenomenon of friction is a double-edged sword. On one hand, it is 
welcomed in larger quantities for applications such as car brakes or when 
traversing a slippery surface. It is also often the limiting factor when it comes to 
providing traction for trains. On the other hand, friction can cause unwanted and 
irreversible damage to moving parts in automotive or aeronautic and aerospace 
applications. Insufficient lubrication resulting in high friction in combustion 
engines or gearboxes will result in the grinding of parts when they are in motion. 
The re-entry of a spacecraft into Earth’s atmosphere has to be adequately 
shielded from the large amounts of heat generated as a result of friction.  
Friction is a result of complex molecular and mechanical interactions that occur 
in solids, liquids, and gases in different forms. Fluid friction is the frictional force 
exerted by liquids or gases thus causing drag as a result of objects moving 
through them. It is dependent on the velocity and shape of the object as well as 
the properties of the fluid itself. Solid friction on the other hand, occurs between 
two solids that are in contact and exists in both static and dynamic forms. It is 
dependent on the size of the contact zone, surface morphology (roughness and 
asperities) as well as the load or pressure on these surfaces.  
Friction is related to types of motion that the two contacting bodies experience. 
Two general motions are sliding and rolling. The force required for sliding an 
object is typically higher than the force required to roll a cylindrical object as 
discovered by Thermistius. There are of course other variables that will affect the 
forces required such as the types of material in contact and other parameters. A 
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dimensionless ratio, µ known as the coefficient of friction (CoF) is used to quantify 
the ratio of frictional force to normal force that presses the bodies together, given 
by Eq 2-1. 
- Eq 2-1 
Sliding friction is an operation of sticking and slipping, where highest friction 
occurs during the sticking and lowest during the slipping, which results in contact 
area and surface temperature changes [43]. Incidentally, this is also the friction 
type for this work. The mechanism of friction is based on contact occurring at the 
high points or asperities of the surface. The mating surfaces encounter close 
contact, promoting adhesion of surfaces due to Van Der Waals forces [44]. It is 
also a commonly held belief that friction is typically independent of normal load, 
the area of contact and behaves as a resistive force acting in the opposite 
direction of an applied force.  
Wear 
Wear can be defined as the erosion or damage of material through mechanical 
action. It is typically a slow but steady and continuous process which equates to 
approximately 6% of Gross National Product for the United States. According to 
Rabinowicz, wear as an important sub-field in tribology involves not just 
mechanical engineering, but also fields such as materials science, chemistry 
(surface and general) and even applied mechanics [45].  
Surface roughness highly influences the phenomenon of wear. The asperities or 
high points of both surfaces which come into contact with each other will result in 
material being removed [46]. Main types of wear are adhesive, abrasive, 
corrosive, and surface fatigue wear while other forms of wear include fretting, 
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erosion (including low and high speed) and cavitation [45]–[47]. With adequate 
knowledge of wear mechanisms for each main type of wear, this can be 
prevented or its impact reduced.  
Abrasive wear is caused when materials of different hardness interact with each 
other during motion. It can be reduced or even eliminated by ensuring the 
smoothness of hard surfaces or non-existence of abrasive particles in the system. 
Corrosive wear, on the other hand, is the chemical reaction between a material 
and its environment. It can be arrested by ensuring non-reactivity of the material 
in question with either the atmosphere or its operating environment. Surface 
fatigue wear occurs when a surface is cyclically stressed and unstressed. 
Adhesive wear is the most common, but it is not the most dangerous due to slow 
rates and gradual onset.  
Rabinowicz proposed several laws for adhesive wear based on results from 
experiments carried out using metal on metal sliding contact with no lubrication 
[45]. The laws were then formulated based on the results of the experiments 
which state the amount of wear is directly proportional to load and sliding distance 
while being inversely proportional to surface hardness. A quantitative method for 
calculating rate of wear can be obtained through Archard’s equation as seen in 
Eq 2-2 [46]:  
                     - Eq 2-2 
Where, 
V = Wear volume (mm3) 
s = Sliding distance (mm) 
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k = Wear constant  
Fn = Normal load applied (N) 
H = Hardness of the softer material (kg/mm2) 
 
Stainless steel is a hard and wear resistant material. Galling occurs for dynamic 
applications involving stainless steel on stainless steel contact. The ideal 
situation in dynamic applications involving steel as a substrate is to have a 
coating that is wear resistant while possessing low friction properties. The reality 
of the situation is that soft, polymeric bearing materials with excellent low friction 
properties such as HDPE, nylon, polyimide or PTFE have high wear rates. A 
compromise between low friction properties and wear is made with functional soft 
coatings. These are required to resist wear while also ideally possessing low 
friction characteristics. Nuts for threaded compression fittings are made from 
stainless steel coated in silver, which results in a dynamic silver on stainless steel 
contact during assembly. This is in line with Rabinowicz’s suggestions of using 
metallurgically incompatible materials such as silver for steel applications, where 
silver is the hardest material (and thus most resistant to wear) out of all the soft 
coatings proposed [45].  
Kato summarised that the wear of a soft coating is influenced by substrate 
roughness and transfer effects [48]. In the published paper, Kato pointed out that 
substrate roughness directly influences the frictional and wear characteristics of 
a thin film metal coating under friction, however, no explanation was provided to 
clarify why this has occurred. On the other hand, Kato argued that the transfer 
effects of a soft coating onto a hard counter-surface effectively reduces its wear 
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rate. This argument was based on a polymer-metal composite coating which is 
relevant to the research into a Ag-PTFE coating, however Kato neglected to point 
out the adverse effects of increased variability in wear rates and friction coefficient 
observed in the published results. 
The studies of wear mechanisms in thin film coatings on the other hand, can be 
best explained through the work of Holmberg et. al. who have provided an 
illustrated version of the issues surrounding macro-mechanical contact 
considered for thin coating wear in Figure 2-1 [49]. The authors provide a 
comparison of two scenarios where one is a soft coating on a hard substrate and 
the other a reverse. The former scenario is of best interest as it is fitting for 
coatings employed on threaded compression fittings. The authors summarised 
that coating thickness affects friction ploughing for a smooth sphere surface while 
a rough sphere surface affects substrate asperity penetration in scenarios (a), (b), 
(e) and (f). Abrasive wear caused by debris is shown in (i) and (j). Based on the 
work carried out, Holmberg et. al. suggested that thick, soft coatings on a hard 
surface tend to plough whereas thinner coatings will shear.  
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Figure 2-1 has been removed due to Copyright restrictions. 
 
 
 
 
Figure 2-1 Mechanisms that affect friction based on a hard sphere sliding on a 
flat coated surface, from Holmberg et. al.  [49] 
Lubrication 
Lubrication can either be carried out using fluids such as lubricating oils or solids 
such as thin films. Work carried out by Bowden and Tabor highlighted the role 
and importance of oxides on providing lubrication [50]. Metals such as stainless 
steels which are resistant to oxide formation on its surface can be classified to 
have “clean” surfaces. These metals tend to have no lubricity and tend to weld 
together under direct contact. A form of lubrication is then required during the use 
of these metals, with the solid lubrication acting to prevent direct contact between 
these surfaces through a low shear strength solid film [43]. The lubrication and 
the lubrication properties of fluids or solids are affected by variables such as 
surface temperature, speed and load and these are well documented in texts on 
lubrication [51]. Metal composite coatings can be considered to fall within the 
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“self-lubricating” category when a concentration of 8% or more by volume of the 
self-lubricating substance is included within the composite [45].  
Tribological coatings are thin coatings which are electroplated onto a substrate 
material to enhance its properties depending on its required application as shown 
in Table 2-2. To function as a lubricant, the coating has to either exhibit low friction 
or lubricity, which based on the summary provided by Holmberg et. al., the 
coating type should either be soft or liquid. There are benefits of utilising PTFE 
as a soft coating for these purposes as the lubrication of PTFE does not depend 
on adsorbed vapours or moisture and has a low surface energy [52]. As a 
lubricant, the macromolecules of PTFE are able to slip easily along each other 
during sliding operations, a key consideration for the reduction in friction. As a 
polymer, PTFE asperities which are softer than metals tend to favour deformation 
under applied load which results in the draping of metal asperities and improve 
its performance. There are however several downsides to PTFE. Firstly, although 
it is more capable of load carrying relative to liquids, as a solid it does not have a 
great load carrying capacity. Furthermore, it has a low thermal conductivity. The 
low thermal conductivity results in the inhibition of heat dissipation, which can 
cause premature failure due to melting. It also restricts its use to low-speed sliding 
applications. Being a solid lubricant, consideration of its wear and life limits its 
application to intermittent sliding situations.  
The consideration of liquid coatings as a lubricant for threaded applications will 
be further discussed in Section 2.5.  
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Table 2-1 Properties of thin coatings; extracted from Holmberg et. al. [53] 
Required 
property of 
coating 
Type of coating Potential materials 
Typical 
Thicknesses 
(µm) 
Wear 
resistance 
Hard Coatings 
TiN, TiC, Al2O3, 
diamond  
0.5 – 5 
Low friction 
Soft/layered 
coatings 
Pb, PTFE, MoS2, 
diamond  
0.5 – 5 
Lubricity Liquid coatings Perfluoropolyether  0.001 – 0.05 
Corrosion 
resistance 
Dense, inert 
coatings 
Au, Zn, Cd, Al2O3  3 – 20 
Adhesion to 
substrate 
Soluble/bonding 
coatings 
Ti, Cr, Si2N3  0.01 – 1 
Diffusion 
barrier 
Dense, inert 
coatings 
Ni, NiAl, Al2O3  1 – 30 
Thermal 
barrier 
Insulating 
coatings 
ZrO2, PSZ  50 – 250 
Electrical 
conductivity 
Noble/pure metal 
coatings 
Au, Cu  1 – 10 
 
Holmberg et al. summarised that soft coatings are able to provide low friction. In 
the context of this research, the soft coating is deposited onto a hard substrate, 
namely stainless steel. Based on work carried out by Jiang shown in Figure 2-2, 
soft coatings on a hard substrate will function by firstly increasing the contact area 
of a wear pin. As it is only the soft coating that will deform, the interfacial shear 
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strength for hard substrate will be decreased. According to Jiang, no changes will 
occur to the interface between substrate and coating as there is no significant 
deformation of the hard surface. Due to this phenomenon, the soft coating 
manages to not only prevent wear on the substrate but is also able to provide a 
low CoF through its role in lubricating the contact surfaces.  
 
 
 
 
Figure 2-2 has been removed due to Copyright restrictions. 
 
 
 
 
Figure 2-2 Computer generated model of Von Mises stresses for a soft coating 
on a hard substrate from Jiang et al. [54] 
2.2.2 Contact Mechanics 
To achieve the objective of coating development for a potential replacement of 
the current cyanide silver coating, it is important to have an understanding of 
contact mechanics which studies the deformation of solid bodies. This will be 
used for assessment of CoF performance for the coating during development.  
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Hertzian contact stress (contact stresses within the system) 
Any discussion of contact mechanics will not be complete without the mentioning 
Hertzian contact theory. Heinrich Hertz first expanded on the elastic contact 
behaviour between two bodies comprised of circular arc geometries. Through his 
work, he illustrated the relationship between applied normal load within the 
system and the resulting contact area when the two bodies are subjected to 
forces as shown in Figure 2-3.  
 
Figure 2-3 Hertz’s theory on two spheres in contact 
The maximum contact pressure that occurs at the centre point of the contact 
area can then be calculated using Eq 2-3: 
       - Eq 2-3 
Where, 
Pmax = Maximum contact pressure (N/mm2) 
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F = Applied force (N) 
a = Contact area (mm2)  
 
The area can be determined based on the following equation, Eq 2-4: 
   - Eq 2-4 
Where, 
a = Contact area (mm2)  
P = Normal load applied (N) 
R’ = Reduced radius 
E* = Contact modulus based on Eq 2-5 and Eq 2-6: 
           - Eq 2-5 
 
     - Eq 2-6 
 
Where, 
E* = Contact modulus 
E1 = Elastic modulus for 1st material 
E2 = Elastic moduls for 2nd material 
v1 = Poisson’s ratio for 1st material 
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v2 = Poisson’s ratio for 2nd material 
 
Although the resulting contact pressures are idealised in nature, they can be used 
for the identification of contact pressures during the determination of CoF through 
the linear tribometer.  
Surface roughness 
The frictional interaction between two contacting surfaces in motion can be 
influenced by surface roughness. One of the ideas in relation to the effects of 
surface topography towards friction was proposed by Leslie in the 19th century, 
which believed that fluctuations in surface topography when in contact with each 
other provided an explanation for the resultant fluctuations in friction [55]. These 
fluctuations are quantified using the term surface roughness and according to 
Greenwood and Williamson, roughness exists on varying levels, and surfaces 
that can typically be considered to be flat will exhibit roughness on some level 
[56]. Surface roughness in turn directly affects the assumed contact area, where 
even fully contacting areas will in reality be of smaller magnitudes when 
considering theories of contact mechanics. Based on this, the authors concluded 
that pressure does not have a significant enough impact towards separation 
distance when two surfaces are in contact and that separation distance between 
surfaces remained constant during load changes.  
Fundamental features set out within the Greenwood and Williamson model for 
predicting the ratio of asperity contact are well established and relevant. Their 
model is based on rough surface elastic contact mechanics and makes the 
assumption that surface asperities deform in an elastic manner and deformation 
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of surrounding features do not affect each asperity. From these assumptions, 
their model is based on height, and mean plane of surface follows a normal 
distribution, where asperities are spherical in nature.  
Sedlacek et. al. investigated effects of surface fabrication towards roughness, 
friction and wear of both lubricated and unlubricated steel plates [57]. Using a 
pin-on-disc tribometer with ball-on-disc contact, the authors found that under dry 
sliding conditions, an inverse relationship was present between CoF and 
roughness, in that when surface roughness was high, the CoF was low. The 
authors also concluded that based on dynamic sliding, the higher sliding speeds 
resulted in reduced friction regardless of lubrication conditions.  
2.2.3 Threaded Fasteners 
Screw Threads 
Screw threads are manufactured helical structures which are capable of 
converting a rotational force to a linear movement. One of its main uses is for 
fastening applications. Primary fastening applications for material to be held 
together involves the use of nuts and bolts or machine screws. On the other hand, 
primary fastening application of creating connections in plumbing applications 
involve the use of pipe connectors such as threaded compression fittings, or 
alternatively screw threads are embedded into pipes. As a simple machine, the 
converted force is dependent on the geometry of the thread design, also known 
as thread profile, with a limited selection shown in Figure 2-4.   
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Figure 2-4 Types of thread profiles  
 
Although there is a wide range of thread profiles available, the selection of an 
appropriate thread profile is mainly down to application. For instance, unified and 
metric thread profiles are for general use, square thread profiles for power 
transmission, ACME thread profiles for heavy duty power transmission due to 
load carrying capacity of threads and buttress thread profiles for heavy loads or 
forces in a single direction such as for jacks. The most commonly used thread 
profiles are ISO metric screw threads for nuts and bolts or threaded compression 
fittings. Plumbing applications where the threads are directly embedded into the 
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pipes follow standards such as the National Pipe Thread (NPT) or British 
Standard Pipe Thread (BSP).  
Although unified threads standards (UTS) are commonly used in North America, 
there are no differences between its profile and that of metric threads. The 
differences lie instead in the units used for its characterising dimensions, with 
unified being quoted in inches and metric in millimetres. The UTS system also 
stipulates threads as being coarse, fine and extra fine depending on the 
diameter/pitch combination. A tolerance class system denoting the acceptable 
ranges of pitch diameter is also sometimes used. Fine-thread series of unified 
thread has less thread depth and large minor diameter compared to coarse 
threads used where high strength is required. [58] 
Comparison between fastener types 
Although the application of fasteners varies between either falling into the 
category of holding the material together or creating plumbing connections, 
certain similarities exist between these two. From this point onwards, the former 
application will be referred to as threaded fastener (i.e. bolt and nut) and the latter 
as threaded compression fitting. Firstly, both types of fasteners are fundamentally 
bound by the application of screw threads which is to convert torque to linear 
displacement. Secondly, assuming that both the bolt for threaded fasteners and 
the body for compression fittings are properly secured during installation, the 
application of torque to both the nuts which will results in the compression of all 
the parts in between the nut and bolt or body. The main difference between these 
two is a number of contact areas which have to be considered for tribological 
study as illustrated in Figure 2-5.  
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Figure 2-5 Comparison between the two different fastener types, with threaded 
fasteners (left) and threaded compression fittings (right); Contact areas are 
indicated with bold red text 
Assuming that the conversion of forces required for both applications are within 
the ranges permissible for metric/unified thread standards to be used, there is a 
wide range of research that has been carried out for threaded fasteners which 
have the potential to be applied to the study of threaded compression fittings. 
One of these areas is the work that has gone into the study of the relationship 
between input torque and applied force for threaded fasteners which relates to 
the second similarity assumption. The relationship can be expressed by the short 
form equation as per Eq 2-7: 
                         – Eq 2-7 
Where, 
T = Input torque (Nm) 
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F = Applied force (N) 
C = Experimentally determined constant 
 
Although the constant “C” is an experimentally determined factor and is subject 
to variations, the straight line relationship between torque applied and force 
achieved will always be assumed to be accurate [59]. The application of this 
relationship requires the long form equation, though, where there are three forms 
of long-form equations that are typically used, all of which yield the same results. 
These include the ISO 16047 equation which has been attributed to Kellerman 
and Klein, DIN946/VDI2230 equation and Motosh’s equation [60].  
Motosh’s equation in Eq 2-8 below is in a format that is easiest to understand, 
with constituent terms that make up the equation for the constant, namely thread 
pitch, incline plane, thread friction, and nut underhead friction resistance.  
                      - Eq 2-8 
Where,  
T = Input torque (Nm) 
F = Applied force (N) 
P = Thread pitch (mm) 
µthread = Thread friction coefficient 
rt = Effective radius of thread contact (mm) 
β = Half-angle of thread form (30° for ISO threads) 
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µb = Nut underhead friction coefficient 
rn = Effective radius of head contact (mm) 
 
Assuming that Motosh’s equation is valid for threaded compression fittings as the 
considerations are the same, it can be rearranged to consider a system CoF 
value, which takes into account the potentially different values of thread and nut 
CoF to give one CoF value acting on the entire assembly as shown in Eq 2-9:  
 
                 - Eq 2-9  
Where, 
µsystem = Overall coefficient of friction for the assembly 
β = Half-angle of thread form (30° for ISO threads) 
Tinput = Input torque (Nm) 
Fopposing = Opposing force (N) 
P = Thread pitch (mm) 
rt = Effective radius of thread contact (mm) 
rn = Effective radius of head contact (mm) 
 
The system CoF in Eq 2-9 from rearranging Motosh’s equation then is directly 
affected by the input torque and instead of the force generated during tightening 
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for fasteners, the opposing force should be considered. This opposing force 
component is comprised of the material resistance from the swaging process. An 
increase in the input torque directly results in the proportionate increase in global 
CoF. This only explains what is happening in an ideal situation though, where 
issues such as coating wear are not taken into consideration.  
Threaded compression fitting considered in this study 
Threaded compression fittings which can be in the form of one or two piece 
ferrules are used in various industries including oil and gas, chemical, 
semiconductor, biotech, and so on for securing fluid tubing connections. These 
ferruled compression tube fittings can be used in a wide range of critical 
applications due to its ability to provide leak-tight seals, including instrumentation 
connections, hydraulic, pneumatic, power, refrigeration and various other 
applications that involve the transportation of fluid using either metal or plastic 
tubing [61]. Manufacturers often offer this system where reliability in high-
pressure situations during the connection of metal tubing is required. Reliability 
is increased when fittings which come in separate units as the risk of the sealing 
surface rotating as the tightening force is applied is minimised.  
A double ferrule compression fitting system is considered for this study. It is 
illustrated through the use of a cutaway section in Figure 2-6 and comprises of 
several key elements, including the fitting body, front ferrule, back ferrule, 
connecting tube and the nut. The system works on the basic concept of swaging 
which deforms the tube in the process, highlighted in Figure 2-7. During the 
tightening process, the nut travels in the direction of the fitting body and exerts a 
compressive force on the back ferrule. The back ferrule, in turn, transfers a 
compressive force on the front ferrule, and the connecting tube is intentionally 
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deformed, guided by the angled fitting body as the nut is tightened and holds the 
connecting tube in the fitting. The system is designed to create a liquid tight seal, 
resist loosening of the nut due to vibration and prevent blowouts when in either 
vacuum or pressure systems during its operational life [62].  
 
Figure 2-6 Cutaway section of a double ferrule compression fitting 
 
Fittings suitable for use with metal tubing are typically made of the same metal 
as the tube. The inner diameter of the ferrules will be the same as the outer 
diameter of the tubing used. High performance, non-cost prohibitive applications 
such as instrumentation connections require metals with high corrosive 
resistance. These applications are critical in nature, where failures to the system 
will have potentially significant consequences to cost, time and even human life 
in extreme conditions. The main material of choice for most applications of this 
nature is austenitic stainless steels in 304 and 316 grades. Containing slightly 
higher amounts of molybdenum, 316 stainless steel has better overall corrosion 
resistance, higher pitting and crevice corrosion resistance in environments 
containing chloride when compared to 304. The increased performance makes it 
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cost effective when it comes to corrosion resistance and is relatively easy to 
fabricate.  
The main drawback for the use of stainless steel in threaded compression fittings 
is its susceptibility to galling between unlubricated contact surfaces. A coating of 
silver is typically applied to the inner faces of the nut, including its threads to 
prevent galling and thus seizures during the make-up process of the compression 
fitting. Silver is also known for its tribological advantage of reducing the friction 
coefficient between the sliding contact surfaces [6]. Lubrication will be discussed 
in the next chapter sub-section. Furthermore, as a relatively noble metal, it is 
corrosion resistant, a desirable material trait for applications in highly corrosive 
environments.  
One key difference to note between fasteners and compression fittings during the 
development of the self-lubricating coating is that there are limits to the CoF 
reduction in fastener coating. With very low CoF coatings, fasteners are prone to 
self-loosening in environments where it is subjected to external forces and 
slippage of the contact surfaces which has been the main subject of various 
studies [62-63].  
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Figure 2-7 Compression fitting system - tube deformation post installation of 
compression fittings 
 
2.2.4 Tribology of threaded compression fittings 
Friction, Lubrication, and Wear 
Lubrication forms an important part of tribological studies. As with any other 
machine, the adequate lubrication of screw threads is especially critical. In the 
event of inadequate lubrication, there is a risk of fasteners failing before its 
installation can be fully completed. This problem is further compounded by the 
fact that threads are difficult to lubricate due to poor or badly machined surfaces. 
Lubrication directly affects the CoF, and this has been the topic of interest for 
studies on fasteners [63], [65]–[67].  
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Although these studies have been focused on threaded fasteners of the bolt and 
nut type instead of threaded compression fittings, it can be argued that similarities 
exist between both the basic principles of operation and areas of contact. 
According to Gansheimer and Wessely, the majority of starting torque which is 
up to 50% is lost to head friction, followed by up to 40% of losses due to thread 
friction which means that only 10% of the torque applied is converted into the 
compressive force [68]. The authors also pointed out that the use of conventional 
oils and greases for thread lubrication are unable to perform due to the high 
pressures and low speed, resulting in oil seepage from the surfaces to be 
lubricated. In light of this, solid electroplated coatings can be tailored for use on 
fasteners.  
As mentioned previously in this chapter, wear can be predicted based on its 
relationship to other tribological properties of a solid coating. As a system that is 
utilised on an intermittent basis, the solid lubricant coating for threaded 
compression fittings does not have to face the harsh conditions experienced by 
continually operated systems. Even so, it should be able to survive cycles of wear 
typically experienced through repeated installation and removal operations.  
Make-up process (installation) 
As opposed to threaded compression fittings, the issue of friction in threaded 
fasteners is one that has been studied in detail, where the conversion of torque 
input to the applied forces within the system is greatly affected by friction [67]. A 
practical technique for evaluating and verification of the force achieved for 
fasteners is the torque-angle curve. The torque-angle signature method is carried 
out through the examination of the tightening and loosening curves during the 
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installation process, through plots of torque versus angle during its installation 
and removal.  
For threaded fasteners, the torque-angle curve can be used to identify torque to 
reach the bolt yield strength and structural integrity of fastener. There is a clear 
benefit in utilising this method for fastener joint assessment as the test is carried 
out during the assembly without the need for a load cell and without affecting the 
joint stiffness [63]. 
The torque-angle graph plots the torque exerted from the start of the assembly to 
when the fastener yields and can be used to understand the fastener behaviour 
during its assembly. The torque-angle curve for fastener assembly can be 
identified by Figure 2-8 four distinct zones as illustrated in Figure 2-8 [69]. Zone 
1 is known as the rundown zone, Zone 2 is the alignment zone, Zone 3 the 
clamping zone and Zone 4 is the post-yield zone.  
The rundown zone allows for the fastener nut to come into contact with the 
material surface which then leads into the alignment zone where fastener and 
material are drawn closer into a snug, settled position. Any prevailing torque from 
thread locking features such as thread deformations or inserts will show up in this 
zone. Shoberg has also noted that frictional drag as a result of parts misalignment, 
foreign material in the thread or out of tolerance threads will cause prevailing 
torque in this zone [69]. 
Rundown is followed by the alignment zone, where the fastener and mating 
surfaces are aligned in a stable, clamped situation. This zone is nonlinear owing 
to both macro and micro effects within this zone such as parts alignment, local 
surface roughness, coating deformations and thread deformations. The next 
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zone is the elastic clamping zone which follows a constant pattern. A key 
characteristic of this zone for threaded fasteners is the ability of this slope to be 
projected back to find its elastic origin. The product of angle-of-turn from the 
elastic origin can then be used to calculate the tension created by the fastener 
tightening process [69]. The post-yield zone at the end of the elastic clamping 
range signifies failure in the either the bolt or joint assembly. In threaded fasteners, 
the yield is used to verify the tension-angle coefficient for the tightening process. 
An example of the torque-angle signature curve is given in Figure 2-9 for an M12 
bolt tightened to yield. The post-yield zone is not shown in the figure and this the 
yield of this bolt is approximately 135Nm at 210 degrees.  
 
 
 
 
 
Figure 2-1 has been removed due to Copyright restrictions. 
 
 
 
Figure 2-8 Generic torque-angle signature curve for fasteners showing the four 
distinct zones used to characterise the installation process of rundown, 
alignment, clamping and post-yield from Shoberg 2014 [69] 
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There is a benefit for the application of this non-destructive method to assess the 
assembly of threaded compression fittings as it could potentially identify defective 
assemblies prior to pressure testing. The main difference between using the 
torque-angle curve for threaded fasteners as opposed to threaded compression 
fittings is that although yield information for fasteners can be obtained, there is 
only a finite amount that the nut for compression fittings can travel because of its 
design. Although this is the case, excessive tightening during assembly will 
potentially restrict fluid transmission from a reduced inner tube diameter and 
causing unnecessary stress within the system by increasing the system pressure 
or result in thread failure.  
 
 
Figure 2-9 Torque - Angle Graph for an M12 bolt tightented to yield from Eccles 
2016 [70] 
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2.3 Coating Deposition  
The properties of a substrate metal can be altered through the use of surface 
coatings as part of the metal finishing process. These alterations may be to 
improve decorative or functional aspects of the substrate such as physical 
aesthetics, improved chemical resistance or even improved mechanical 
properties. Surface coatings which range from nanometre to micrometre 
thicknesses can be achieved through physical or even chemical thin film 
deposition methods. Although the outcome of both methods will result in a thin 
film being deposited on the substrate layer, physical deposition methods utilise 
mechanical, electromagnetic or thermodynamic phenomena while chemical 
deposition typically involves using a fluid or gaseous precursor [1]–[3] 
The coating development carried out in this research will be focused on using 
electroplating. Electroplating is the use of an electrodeposition process to 
produce a uniform and dense coating that adheres well to metal or alloy surface 
using electrical current in a chemical process. The deposited coating is typically 
a more valuable material, and the process changes the physical characteristics 
of the substrate material. Although some coatings are for decorative purposes, 
the coating can also be used for protective purposes or even to enhance specific 
properties of the surface where the coating is deposited. The core of 
electroplating focuses on the electrolytic cell (electroplating unit). In the 
electrolytic cell, a current is passed through a bath containing the electrolyte. Pre-
treatment and post-treatment processes are typically required to ensure the 
quality of the coating. 
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Electroplating is an important process that has been in use for over a century, 
and a wide range of metals can be deposited onto a conductive substrate material. 
Modern electroplating through necessary modification of the substrate material 
where required is carried out on a wide range of metal and plastics with the 
substrate material either being conductive or non-conductive. Through modern 
electrodeposition technologies, the properties of a less costly substrate material 
such as plastic to be modified through electroplating it with a more superior 
material, resulting in an extension of the superior properties of the usually more 
expensive metal such as a mirror metallic finish. Although it is a relatively cheap 
and versatile process, electroplating requires specialist knowledge, not just on 
the handling of aggressive and often toxic chemical solutions but also due to the 
complex relationships between the process steps and the final deposit quality. 
Dini provided a summary of electroplating factors which influence the metal 
deposit distribution as seen in Figure 2-10 [71].  
 
Figure 2-10 Metal distribution relationships and influencing factors for the 
electrodeposition process from Dini [71] 
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On the other hand, the flow of a typical electroplating process is shown in Figure 
2-11. Due to the concentration and toxicity of electrolytes, chemicals and solvents 
used, treatment of the wastes generated during the electroplating process is 
necessary. Furthermore, the electroplating of metals such as silver and gold 
using traditional bath often contain cyanide, which is extremely toxic.  
 
Figure 2-11 Flow of a typical electroplating process 
 
The aim of this section is to provide an insight into silver electroplating and 
particle incorporation through electroplating also known as the electro co-
deposition process. Specific focus areas in line with research objectives are the 
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topics of non-cyanide silver electroplating and methods for particle incorporation 
into the deposit to form a MMC.  
2.4 Electrodeposition  
Electroplating is the process of electrodeposition and electrodeposition is the 
depositing process of a substance through electrolysis [72]. Key electroplating 
process parameters include electrolyte composition, particle characteristics, 
current density, flow conditions and geometry of both the electroplating tank and 
electrodes [73].  
A fundamental electroplating setup is shown in Figure 2-12 for silver. It is 
comprised of a rectifier which supplies the direct current via the two electrodes 
and the electrolyte (also known as solution or bath) which contains the dissolved 
metal ions. Electrolytes are ionic conductors whereby both ions and electrons 
move and common electrolytes used are aqueous acids, bases, and salts [74]. 
The plated object will be attached onto the cathode while the pure metal is 
attached onto the anode. The silver electroplating setup shown in Figure 2-12 
utilises pure silver as the anode. The pure silver anode dissolves to replenish the 
silver ions that are deposited onto the plated object.  
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Figure 2-12 Silver electroplating cell 
During the electroplating process, both the anode and cathode are immersed in 
an electroplating bath which contains an electrolyte as the electrical conductor. 
The current is carried by the ions in the electrolyte, and electrical conductivity 
closes the circuit. An electrical current is applied during the electroplating process. 
When the current is applied in the system, positive ions in the electrolyte move 
towards the cathode and negative ions move towards the anode. The workpiece 
is attached to the cathode or negative terminal which gives it a negative charge. 
The anode, on the other hand, can either be sacrificial or inert. Sacrificial anodes 
are of the same as the metal that is to be plated and it is dissolved to replenish 
the metal ions in the solution once it is depleted. Electrolysis occurs during 
electroplating as the direct electrical current applied to the electroplating solution 
is passed through the electrolyte and causes chemical reactions between circuit 
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and solution.  The electroplating process can thus be carried out using either 
constant potential or constant current.  
 
2.4.1 Faraday’s Laws of Electrolysis 
In 1833, Michael Faraday put forward his laws of electrolysis which has been 
fundamental in our understanding of the process. These have remained 
unchallenged and still form the basis of our current understanding of the process 
which can be expressed using Eq 2-10 and Eq 2-11: 
                 - Eq 2-10 
Where, 
Q = charge (Coloumb) 
I = Current (A) 
t = Time (s) 
z = Change in oxidation state (g/Coloumb) 
F = Faraday’s constant (96485 Coloumb/mol) 
n = Amount of oxidised or reduced substance (mol) 
                           - Eq 2-11 
Where,  
Q = charge (Coloumb) 
z = Change in oxidation state (g/Coloumb) 
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m = Mass (g) 
M = Molar mass (g/mol) 
 
Faraday’s first equation shown in Eq 2-10, states that chemical change as a result 
of an electrical current is proportional to the quantity of electricity that has passed. 
This relationship is useful from a practical standpoint as the amount of chemical 
change can be predicted based on the measure of electricity passed within the 
system. The second equation shown in Eq 2-11, gives an inversely proportional 
relationship between the amount of different substances liberated using a given 
electricity quantity to its chemically equivalent weights. Practically, this means 
that based on the chemical weight of a substance, a prediction can be made as 
to how much it will be liberated using a given quantity of electricity.  
 
2.4.2 Surface Preparation and Cleaning 
The surface preparation of workpieces within any manufacturing process is 
critical and arguably even more important for electroplating processes. 
Workpieces which will be subjected to electroplating will typically undergo a 
series of pre-treatment processes. These will normally include cleaning the 
surface, modification of the surface as well as rinsing. The objectives of surface 
preparation are to remove any debris and contamination from the existing 
substrate surface such as film, dust, organic debris, mineral dust, oxide layers, 
and so forth. [75].  
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Poor surface preparation will result in issues with the electroplated layer such as 
poor adhesion and poor deposit quality. Adequate surface preparation of the 
workpiece being carried out will overcome these issues. Surface cleaning carried 
out removes physical contamination such as dust, film and debris left over from 
previous manufacturing processes. Surface cleaning can be carried out through 
either mechanical, chemical or both means depending on the severity and 
requirements for specific workpieces. Chemical cleaning typically includes 
degreasing using solvents, alkaline cleaning and even acid cleaning. Mechanical 
cleaning, on the other hand, is largely carried out through polishing and buffing 
processes. The advantages of polishing are that abrasives remove small 
amounts of the substrate metal and can be carried out to a consistent surface 
finish, useful if the substrate metal to be plated is highly reactive to the 
environment or if damages to the surface are present from previous processes.  
Surface modification is carried out if changes in surface attributes are required. 
For materials that experience conductivity issues such as non-conducive or low 
conductive materials, this could include an application of a metal layer or surface 
hardening to improve conductivity. In certain cases, surface modification is 
carried out through the use of a strike. A strike process deposits a nanometre-
thin coating which forms the base for subsequent electroplating operations. For 
substrate materials which possess compatibility issues which result in poor 
adhesive deposit properties, a strike can be used to improve the adhesion of the 
intended deposit metal.  
Rinsing is an important process carried out when the samples (or workpieces in 
a manufacturing environment) are transferred between different electroplating 
solutions or after the final electroplating bath is carried out. The rinsing process 
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is intended to remove electroplating solution residue from the sample. In standard 
electroplating terminology, the residue known as drag out. Depending on the risks 
associated with the contaminated rinse water and environmental laws and 
policies, it might either be discharged to sewage systems or be treated before 
being discharged.  
 
2.4.3 Electrolytic metal deposition methods 
The electroplating process is one that can be carried out through several methods, 
namely through the use of a direct current method, pulsed current method or a 
pulsed reverse current method. Out of these methods, the methods of direct and 
pulse current methods will be explored in more detail. The advantages for 
electroplating as well as issues to be taken into consideration when using this 
method will be discussed alongside the issue of particle incorporation through 
electroplating in Section 2.6.  
In an ideal electrolytic metal deposition process, the amount of electricity passed 
is directly proportional to the amount of metal deposited based on Faraday’s law 
and can be calculated based on data from either of the electrodes. In reality, the 
electricity delivered to the electrodes will be used for other non-value added 
chemical reactions at the electrode. Within an aqueous solution, hydrogen 
evolution will occur at the cathode while the same will occur for oxygen at the 
anode from the following reactions:  
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As the main goal is to achieve metal deposition, the conversion of the aqueous 
solution into its constituent parts are considered as losses within the process. To 
quantify this, the ratio of current efficiency is used, 
denoted by the formula in Eq 2-12. 
               - Eq 2-12 
Where, 
Ƞcurrent = Current efficiency 
W1 = Theoretical deposited weight 
W2 = Actual deposited weight 
 
Direct current electroplating 
The direct current electroplating (DCP) method is by far the simplest method of 
electrodeposition through the application of direct current and potential in an 
electroplating bath. DCP is carried out by the application of a direct potential and 
current in an electroplating bath, where the current source can be a battery or 
rectifier which converts alternating current to regulated low-voltage DC current. 
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Pulsed plating 
Pulsed electrodeposition (PED) on the other hand is the swift alternating of 
current between two different values to create a series of pulses which are 
typically of equal amplitude, polarity, and duration that is separated by zero 
current [76]–[78]. PED can either be achieved through pulsed current methods, 
often denoted pulsed plating (PCP) or pulsed reverse current methods, and often 
denoted pulsed reverse plating (PRP). The benefits of PED over the DCP include 
that of improved throwing power, smaller grain sizes, reduced porosity, increased 
hardness and better ductility [79], [80].  
PED through PCP can be achieved using a unipolar pulse current waveform as 
seen in Figure 2-13. The peak current is the maximum current applied; interval 
time is the time between pulses and pulse time is the duration in which the 
maximum current is applied.  Components of the unipolar pulse current waveform 
include: pulse time (Ton), interval time (Toff), average current density (jm) as well 
as pulse current density (jp). Pulse time is where potential and current is applied, 
while interval time is when zero current and open-circuit potential is applied. 
According to Pearson and Dennis, three main parameters are required to enable 
characterisation of unipolar current pulses, which are pulse current density, pulse 
time and the interval time between pulses [79]. Detailed effects of PED variables 
towards electrodeposition have been summarised by Kelly [81]. Oscilloscopes 
are commonly used in conjunction with PED to visualise how well the pulse 
current waveform generator is able to control the output.  
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Figure 2-13 A typical unipolar pulse current waveform of equal amplitude, 
polarity, and duration that is separated by current pulses 
 
From the peak current, pulse time and interval time, the average current density 
(jm) and the percentage of time where the current is on (duty cycle) can be 
calculated based on the following relationships as defined in Eq 2-13 and Eq 2-
14. 
 
                        - Eq 2-13 
Where, 
jm = Average current density  
jp = Pulse current density  
Ton = Pulse time  
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Toff = Interval time  
             - Eq 2-14 
 
Where, 
Ton = Pulse time  
Toff = Interval time  
 
The PED process offers more control over parameters which can be adjusted 
independently and can withstand much higher instantaneous current densities 
[82]. PED affects the structure of deposited metal or coating by influencing the 
interplay between nucleation and crystal growth as part of the electro 
crystallisation process [83]. The application of a periodically changing current can 
be used to control these two processes above. This is achieved by controlling the 
negatively charged layer which exists in the cathode region. During DCP, 
restrictions from the layer which is charged to a defined thickness cause an 
obstruction to the ionic migration to the part. PED provides for the reduction of 
this obstruction by periodically disabling the applied current which in theory 
discharges the layer. The amount of layer discharge varies and can be controlled 
through PED frequencies. Furthermore, it is common belief that PED allows for 
the migration of ions to depleted high current density areas when current is turned 
off. Upon turning the current back on, a greater number of ions are available to 
be deposited.  
When compared to DC plating, PED yields nanocrystalline coatings with 
improved surface appearance and properties, such as smoothness, refined 
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grains and enhanced corrosion resistance [19], [84]–[88]. PED currents can 
either be on-off (unipolar) or even reversed (bipolar) used along or superimposed 
on a DC feed [75]. There are four variable parameters which are critical to PCP. 
These are peak current density, average current density, interval time and pulse 
time; with one pulse cycle being a total of the interval and pulse time [89]. Control 
of the pulse cycles, specifically the pulse time, where current is applied is crucial 
to the success of the PCP process [38]. During the pulse time, an evenly 
distributed ion concentration is available for deposition. On the other hand, during 
the interval time, metal ions from the bulk solution are able to diffuse into the layer 
next to the anode [78]. By varying these critical parameters, the microstructure 
and properties of the deposited thin films can be controlled [80], [90]. The use of 
PED is also beneficial in the incorporation of particles within a deposit, details of 
which are discussed in Section 2.6.  
 
2.5 Silver coatings 
Silver is a precious metal with a melting point of 961°C that is resistant to most 
common acids but is weak towards nitric acid. As a noble metal which can be 
used as a replacement for gold in certain situations. It can be classed as an 
industrial metal due to its common use in various industries due to its excellent 
properties and relatively low cost compared to gold. These factors have resulted 
in its widespread use from coinage to non-cost prohibitive applications such as 
high-quality electrical conductors. Silver consumption for electronic and electric 
industries alone increased in use from 4.26 tons in 2001 to 6.21 tons in 2007 [91].  
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Furthermore, its metallic and shiny appearance makes it perfect for a wide range 
of applications, and not just for decorative applications such as silverware, but 
also for practical consumer applications such as mirrors. More recently the 
reflective and electrically conductive properties of silver have been harnessed for 
power generation applications such as photovoltaic solar panels [8], [92]. Other 
uses of silver include increasing wear and abrasion resistance, corrosion 
protection, aesthetics, and lubricity. Research has also highlighted the anti-
bacterial benefits of silver for medical applications [5].  
Silver coatings can be obtained through electroplating, where its characteristics 
are taken advantage of with a relatively low cost through the generation of a 
surface coating and the process is scalable at the same time. It was first achieved 
through a silver cyanide solution patented by the Elkington brothers in 1840 [15]. 
The silver electroplating process improves the properties of conductive metals 
through the thin film of silver deposited, which results in enhanced properties 
relative to the base metal [15]. The major drawback to the traditional bath solution 
introduced by Elkington is that it requires the use of cyanide as a key ingredient 
in the electroplating bath [14].  
 
2.5.1 Chemical reactions taking place 
During the silver electroplating process, the cathode where silver will be 
deposited is charged negatively. Electrons from the cathode transfer to the 
positively charged silver ions, thus releasing them as atoms of silver metal. Silver 
atoms then settle on the cathode surface and plate it. Based on Faraday’s law of 
electrolysis, the same number of positive ions are required to be discharged on 
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the silver anodes to complete the circuit. The silver dissolves into the electrolyte 
and replaces the silver ions that have been deposited onto the cathode. In theory, 
the metal deposited on the cathode and the amount of metal sacrificed on the 
anode are at the same rate, as the uniformity of solution is maintained. During 
the crystallisation process, silver forms a face-centered cubic configuration.  
Although alternatives to traditional cyanide silver plating techniques exist, 
traditional silver baths containing cyanide are still being referenced in recent texts 
and research [93], [94]. This chapter section will explore both cyanide and non-
cyanide silver plating baths in more detail. 
 
2.5.2 Cyanide silver electroplating 
Traditional cyanide silver electroplating has not deviated much from Elkington’s 
silver electroplating solution, however, it is worth noting that different 
electroplating solutions are optimised for individual applications and tailoring of 
properties, including deposit brightness, plating speed and quality of corrosion 
resistance, and so forth. These baths involve the use of cyanide complexes which 
have a requirement of free cyanide in the electroplating system to ensure that it 
works. Free cyanide in the plating solution plays several key roles. Firstly, it 
ensures that silver is soluble in the solution. Secondly, it is the electrolyte, and 
finally the anode is dissolved to ensure replenishment of the silver in the solution.  
Cyanide silver plating used in commercial plating solutions typically contain 90-
120g of free alkali cyanide per litre. Within this combination, metallic silver is 
comprised of between 25 – 40g/L, typically in the AgCN form of alkali silver 
cyanide or even sodium or potassium cyanide [17]. According to Morrissey, 
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potassium cyanide had become the norm for silver cyanide plating baths because 
of its increased solubility. The minimum operating pH for silver cyanide 
electroplating solutions are between 8.0 – 8.5 and the complex cyanide of silver 
is not stable if its pH is below neutral. If the pH falls below neutral, AgCN will form 
which is insoluble due to the hydrolysis. The formation of carbonate occurs in 
these alkaline cyanide systems, especially those with high concentrations of 
approximately 90g/L resulting in hydrolysis. The hydrolysis process causes 
dissolution of the anode thus resulting in deposit roughness. As a result of this, 
part of the operating process for this solution requires chilling the plating solution 
to 3°C and filtering out the excess carbonate; however, this only works for sodium 
cyanide solutions and not potassium based plating solutions. Alternatively, 
excess carbonate in potassium cyanide solutions can be treated using calcium 
cyanide or barium cyanide.  
One of the drawbacks of the cyanide silver plating process is that it typically 
consumes a large quantity of fresh water which is used to rinse out the sample 
after electroplating. The large quantities of fresh water consumed is due to the 
cyanide ion being very surface active and hard to rinse out. Failure to completely 
rinse this out can cause issues such as staining. Furthermore, the treatment and 
disposal methods for silver cyanide electroplating wastes are both costly and are 
of detriment to the environment when successful silver electroplating using non-
cyanide silver plating baths reported overcome this [14], [95]. The disposal of 
cyanide in industry is through further chemical processing. Cyanide disposal 
typically involves either complete destruction with chlorine gas or conversion into 
the less poisonous cyanate [14], [15].  
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Cyanide Silver Plating Dangers 
Traditional silver plating methods used in industry increase the risk to health and 
safety as a result of the toxic cyanide component in the plating bath that forms 
complexes with silver [15], [96]. Cyanide is dangerous in either solid, liquid or 
gaseous form. Solid cyanide salts exist in the form of sodium or potassium 
cyanide. In liquid form, silver cyanide electroplating solutions contain cyanide 
ions which are corrosive to human skin and eyes. Both these solid and liquid 
forms of cyanide are extremely toxic and even lethal if ingested. In a 
manufacturing environment where silver cyanide electroplating baths are used, 
there is a risk of hydrogen cyanide gas being released when the solution pH falls 
below its recommended pH range or when the cyanide ions in the bath react with 
an acid.  
Hydrogen cyanide gas is colourless and smells of bitter almonds. As a rapid 
acting poison, it can cause unconsciousness or death through suffocation. Long 
term exposure to the gas can cause cyanide poisoning resulting in symptoms of 
weakness, confusion, shortness of breath, headache, dizziness, seizures and 
even coma. Because of its level of toxicity, it is even categorised as an asphyxiant 
within a class of chemical weapons agents. During the processing of 
electroplating waste, even the sludge from cyanide solutions can cause poisoning, 
dermatitis, and nausea and has to be handled with appropriate care.  
 
2.5.3 Non-cyanide silver plating 
Due to its toxicity, cyanide alternatives to silver electroplating have been the topic 
of investigation for quite some time. The use of cyanide in silver electroplating 
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baths has traditionally been unavoidable due to its commercial feasibility as well 
as its ability to produce high quality electroplated surfaces which non-cyanide 
alternatives fail to do. In light of the problems associated with cyanide in silver 
electroplating baths, suitable and stable cyanide-free silver electroplating bath 
alternatives have been proposed over the years. Initial work for cyanide 
alternatives can be subdivided into three distinct groups by the type of compound 
used, namely simple salts, inorganic complexes and organic complexes [14]. It 
was only in the 20th century, though that cyanide alternatives to silver 
electroplating had a breakthrough. These baths were reported to be capable of 
producing mirror bright and ductile surface finishes while also being able to 
adhere sufficiently to substrates upon which the silver film is being deposited [16]. 
Initial attempts at eliminating cyanide from silver electroplating have failed to meet 
the quality of surface finish produced by a cyanide bath. Out of these cyanide 
alternative options, only the inorganic complex thiosulfate, and organic complex 
succinimide have been successfully adopted for selective commercial use [17]. 
In recent times, though, the non-cyanide silver plating baths have expanded 
through both academia as well as industry. These include patents filed as a result 
of industrial research and academia proposed alternatives which have 
investigated various complexing agents. These include variations in complexing 
agents related to initial work as well as newer proposals. To date, cyanide 
alternatives to silver electroplating have expanded to include complexes such as 
thiosulfate, succinimide, hydantoin, uracil, sulphite, ammonia, thiourea, HEDTA, 
2-hydroxypyridine, ionic liquids, 5,5-dimethylhydantoin, trimetaphosphate, iodide 
and so on [97]–[117].   
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The issues typically associated with cyanide alternatives to silver electroplating 
include high costs of raw materials, especially for inorganic complexes, limited 
application of only a few metals, and poor adhesion without prior processing using 
a silver strike [17]. Strikes are special, micrometre or nanometer thin plating 
deposits of a compatible metal that will serve as a foundation for the subsequent 
plating process and sits between the main deposit and the substrate material. 
Morrissey and Blair have independently reported poor quality of deposits 
obtained from organic complexes, i.e. due to tarnishing, relative to the quality of 
deposits obtained from cyanide electrolytes [15], [17]. In addition to that, 
commercial operators who intend to use succinimide as a cyanide alternative for 
silver electroplating would have to periodically adjust the solution bath pH due to 
the hydrolysis of succinimide which reduces the operating pH of between 7.5 – 9 
over time [118]. 
Analysis of cyanide alternative silver electroplating attempts are often focused on 
aspects such as the quality of the deposits through tarnish resistance, physical 
appearance or conductivity. Among the work carried out for the properties of 
silver deposits, the use of a non-cyanide succinimide complex found that thick, 
wear-resistant deposits are possible with compromised electrical resistivity [103], 
[104], [119]. These reported attempts at finding a cyanide alternative to silver 
electroplating along with the continued use of silver cyanide solutions in recent 
research provide evidence to support the fact that although cyanide alternatives 
are available, there is not a like-for-like replacement for cyanide in silver 
electroplating and like its cyanide counterpart, the plating bath has to be tailored 
to individual applications [9], [120]. Industrial silver applications that are often 
focused on aesthetics or electrical conductivity of the silver deposit represent a 
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knowledge gap owing to the forgotten tribological properties of silver. As such, 
the use of silver on threaded compression fittings requires a coating that is 
capable in its tribological properties.  
 
2.6 Incorporation of inert particles in a MMC through electrochemical 
codeposition 
Apart from electroplating pure metals such as silver, there has been a relatively 
new trend of incorporating other materials such as polymers during the 
electroplating process to form a metal matrix composite (MMC) [39]. The use of 
composite coatings where materials typically consist of two or more phases, 
when combined are able to exhibit properties that the individual materials are 
unable to. When this is carried out in the form of a coating, this becomes even 
more economical as materials of higher value can be used to improve the 
performance of the substrate material.  
Research into MMC coatings has included the addition of polymers such as 
polytetrafluoroethylene (PTFE) particles, to produce a polymer composite surface 
coating with the advantage of being a metal coating with improved tribological 
properties due to the addition of the PTFE polymer. Polymers are attractive for 
being processed into thin films due to their low cost, versatility and ease of 
processing [121]. The polymer PTFE, in particular, is a fluoropolymer which has 
a low coefficient of friction but which also resists oxidation while retaining high 
thermal and chemical stability [122]. However, PTFE is not without its flaws, as it 
degrades rapidly when subjected to ionising radiation in ambient temperatures 
[123]. The degradation occurs as the polymeric chains are rapidly broken when 
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subjected to irradiation in the presence of air. As a polymer, it is also relatively 
soft in comparison to metals, and this directly affects its mechanical properties 
such as reduced load bearing capabilities which in turn accounts for higher wear 
rates when compared to metals. When it comes down to suitable material 
selection based on applications, PTFE excels in terms of tribological performance, 
where friction coefficients of around 0.05 have been obtained at high loads, low 
speeds, and moderate temperatures for directly applied thick (>10µm) PTFE 
coatings or interwoven PTFE fibres [124], [125]. Also, the self-lubricating 
properties of PTFE have resulted in its common use as a solid lubricant [126].  
The first instance of electrochemical codeposition was in 1928 when Fink and 
Prince published their success in the codeposition of copper and graphite and 
research into various possibilities of successfully co-depositing of metal and 
suspended particles through electroplating baths have been reported on since 
[127]. Electroplating factors such as the geometry of the workpiece as well as 
bath agitation have been noted to be important the context of particle 
incorporation [39]. The benefits of MMC have also been commercially exploited 
and at present MMC coatings obtained through electroplating such as Nickel-
PTFE (Ni-PTFE) are used for both its decorative and functional advantages over 
the standard nickel coating [128]. The incorporation of PTFE claim to have 
improved wear properties such as non-galling, dry lubricity, lower friction as well 
as improved corrosion resistance over existing coatings [128]–[131]. The work 
carried out by Pena-Munoz et. al. on the tribological properties of Ni-PTFE 
through electrolytic and electroless electroplating though a 10µm thick coating 
highlighted improvements in friction and wear. Interestingly this study showed 
that both methods had comparable frictional performance; however, the coating 
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life was improved for an electroless coating relative to an electrolytic deposited 
coating. This is a relevant finding as it brings to light the importance of coating life 
specification. A coating that is over engineered will have negative implications 
towards environmental sustainability in the increased use of raw materials and 
added processing as well as increased financial cost and manufacturing time. 
Considerations such as increased plating (processing) time are not mentioned 
within the context of coating development for the published papers and any 
improvements over tribological and wear properties could easily be 
overshadowed without holistic consideration of its impact.  
On the other hand, research involving Ag-PTFE MMC coatings have been carried 
out for applications such as antimicrobial [32], conductivity [132] and improved 
corrosion resistance [8]. The successful codeposition of Ag-PTFE can be traced 
back to a series of patents filed by Helle et. al. in the 1980s. One, in particular, 
refers to the successful deposition of Ag-PTFE through electroplating for 
applications where low friction would be beneficial [133]. The authors were 
primarily focused on the chemical aspects of their patent, and thus a knowledge 
gap exists for the quantification of its tribological performance. Based on previous 
work, evidence exists to support the possibility of improving the tribological 
properties of a silver MMC such as improved CoF through the addition of the 
fluoropolymer PTFE which is already established in its use as a solid lubricant for 
various applications [126], [134]. 
A potential application of Ag-PTFE MMC coatings is for threaded connections, 
where the surface coating on threaded connections used for connecting valves 
and pipes is crucial to the sealability of the assembly as a whole. Key 
considerations for surface coatings on threaded connections include tribological 
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factors, galling (wear as a result of the friction and adhesion between sliding 
surfaces), aesthetics and potentially even load bearing capabilities depending on 
its application. Functional aspects such as the tribological qualities of the coating 
will affect the integrity and sealability of the connection during its assembly. On 
the other hand, the variation in galling resistance and friction affects the make-up 
torque and interface contact pressure of the assembly. Silver is a conventional, 
noble material used as a coating material when considering corrosion resistance 
with dry lubrication properties for non-cost prohibitive applications such as 
aerospace with improved benefits over Nickel [6]. It would be desirable for the 
Ag-PTFE MMC coating on stainless steel developed to exhibit improved dry 
lubrication properties and good adhesion. Furthermore, it is vital for the coating 
to achieve good coverage as defects in silver electroplating on stainless steel 
could be prone to corrosion which will ultimately lead to the failure of the 
protective film in harsh environments. There is also the potential for improved 
corrosion resistance through the embedding of PTFE particles in defects on the 
surface in the electroplating process [32].  
The benefits of particle incorporation will be explored further in this section. 
However, those familiar with the PTFE polymer are also aware of the issues 
surrounding its handling during the incorporation process as it is chemically inert 
and has a low surface tension which will also be discussed.  
 
2.6.1 Advantages and drawbacks of co-deposition 
MMC coatings are defined as coatings consisting of particles in the second phase 
that have been dispersed throughout a metal matrix [75]. The matrix in this 
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instance is defined as the continuous phase in a MMC coating. The 
electrodeposition of a MMC coating occurs when a suspension of particles are 
co-deposited with the primary electroplated metal. The metal matrix often 
provides structural or physical strength to the coating while the composite second 
phase provides additional characteristics to the primary coating.  
There are various advantages to the consideration of MMC utilisation within 
industry. Firstly, existing and often costly equipment can be reused after a 
relatively easy and low-cost conversion of conventional electroplating cells has 
been carried out. Furthermore, the benefits of electroplating are also realised in 
that it is a scalable process which carries industrial benefits in being able to 
support continuous processing, thus reducing costly changeovers and downtime. 
In addition to that, the process of electroplating is typically one of the final 
processes in metal finishing as limited post-treatment is needed if the production 
process is controlled, smooth and high-quality deposits can be obtained. 
Although various electroplating wastes are produced from the process, its 
volumes are relatively low as opposed to other techniques such as dipping or 
spraying. In the case of a silver MMC deposit through a non-cyanide bath, there 
is the added benefit of cyanide removal from the process and thus lower waste 
processing costs. Other advantages are that there is no need for specialist, high 
cost and high maintenance equipment such as high temperature or vacuum (as 
opposed to chemical vapour deposition or sputtering) and that the MMC can 
exhibit better properties as a result of the second phase particles.  
On the other hand, there are several drawbacks to consider for MMC coatings. 
The introduction of particles does not overcome the core disadvantage of 
electroplating in terms of coating uniformity in that complex geometries will not 
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result in high uniformity of the coating. The addition of particles also limits the 
speed of the process. Processing speed for the electroplating operation in a 
manufacturing environment will be limited by the rate at which particles can be 
co-deposited. Lastly, particles which are to be incorporated into the second phase 
have to conform to the particle size limitations.  
In short, the MMC can encompass a wide range of materials, including pure 
metals, alloys, ceramics and even polymers. Even though the co-deposition of 
the second phase is relatively robust, there are certain criteria that have to be 
adhered to, namely being insoluble to the electrolyte and wettable. Other than 
that, the second phase particle form can either be in a powder or fibre regardless 
of orientation or be conducting or non-conducting. The particles have to be 
continually suspended in the electroplating bath, and it has been suggested that 
an upper particle size of 40 µm in diameter should be adhered to [135].  
 
2.6.2 Considerations for codeposition 
The process of electroplating is sensitive to the effects of temperature, and it can 
be classified as being a critical variable in the electroplating process. Increases 
in temperature from an optimum temperature will increase the conductivity of the 
bath as the rate of diffusion, and ionic mobility is increased. Other potential effects 
of temperature changes include the evaporation and hydrolysis rates of the bath. 
Additive deposition rates may also be affected by changes in temperature. Due 
to the complexities of the potential impacts as a result of temperature changes, 
its effects can only be determined through trial and error, and this will vary with 
solution composition. Based on this, it is ideal to keep temperature as a controlled 
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variable with limited fluctuation from the optimal bath temperature. This has to be 
constantly monitored during the electroplating operation as the temperature of 
the bath will rise from its resistance to the passage of current. If the evaporative 
effect of cooling is insufficient, other methods of bath cooling will have to be 
considered. Apart from the effects of temperature, other factors to consider 
include the electroplating bath composition and pH. Inadequate control of these 
factors will result in issues relating to deposit quality. Through the application of 
a constant voltage or current in electroplating, the geometry of the part will affect 
localised current densities as well. Furthermore, in the context of continued bath 
use, electrolyte cleanliness, and bath ageing have to be taken into consideration. 
The use of appropriate filters to remove contaminants in the electrolyte and 
proper bath maintenance will ensure consistent deposit quality. 
In terms of codepositing particles within the second phase as a MMC, issues such 
as particle type, concentration, shape, and size have to be considered. For the 
PTFE particle type, as it possesses a low surface tension, this can be overcome 
through the addition of a suitable surfactant. The surfactant reduces the surface 
tension of PTFE as it is suspended in the electroplating bath. One of the 
surfactants which have been used successfully for PTFE is the cationic 
fluoropolymer FC-4 surfactant [32]. There is a drawback to using surfactants, 
though, as it will also be incorporated into the MMC during electroplating. As such, 
it is imperative that compatible surfactants are used. Methods such as using high 
nanoparticle concentrations in the electrolyte solution, smaller sized 
nanoparticles, low concentration of electroactive species, the use of 
ultrasonification during deposition and even the use of PED can be considered to 
obtain high rates of incorporation for the dispersed particles  [18], [75]. PTFE 
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particles rely heavily on adequate bath agitation to facilitate incorporation into the 
growing metal matrix as they are non-conductive without treatment.  
There is the possibility for codeposition parameters also to affect suspension 
stability [136]. Suspension stability for spherical particles according to Stokes law 
is given by Eq 2-15. 
  𝑣 =  
2𝑔𝑟𝑝
2(𝜌𝑝 − 𝜌𝑐)
9𝜇
                      - Eq 2-15 
Where, 
v = Velocity (m/s) 
g = Gravitational acceleration (m/s2) 
𝑟𝑝 = particle size (m) 
𝜌𝑝  = Particle density (kg/m
3) 
𝜌𝑐  = Electrolyte density (kg/m
3) 
𝜇 = Viscosity (kg/ms) 
 
According to this law, the stability of the suspension will increase when particle 
settling speed decreases. As such, Stoke’s law dictates that particle size and 
density will have an impact on suspension stability, whereas bath conditions such 
as temperature and composition will dictate the density and viscosity of the 
electrolyte.  
 
2.6.3 Models for foreign particle incorporation into MMC (particle 
codeposition) 
Although particle codeposition was first carried out in the 1920s, attempts were 
only made to describe its mechanisms several decades later. The earliest 
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suggested mechanisms for the co-deposition of particles included that of 
electrophoresis, mechanical entrapment as well as adsorption. In 1962 an 
attempt was made to explain the process of electrochemical codeposition through 
Withers’s work, where he proposed the role of electrophoresis in drawing 
particles with a positive surface charge to the cathode. Several years later, Martin 
and Williams proposed that mechanical entrapment of the particles in the growing 
mechanical layer occurred as the particles were transported to the cathode 
through bath agitation [137]. However, their proposal was rejected by Brandes 
and Goldthorp as they believed that an attractive force such as electrostatic force 
must be present to hold the particles for a sufficient period for incorporation into 
the metal matrix.  
The 1970s saw a breakthrough in theory with Guglielmi’s model for the 
codeposition of inert particles in a MMC which was warmly received and forms 
the basis of our current understanding [138]. Guglielmi proposed that the 
codeposition process was as a result of a two-step process of both 
electrophoresis and adsorption. The first step is a physical one which involves 
the loose particle adsorption onto the cathode surface. In this state, they are in 
equilibrium with the suspended particles, even though they are still surrounded 
by a cloud of adsorbed ions. The second step is a chemical one involving the 
irreversible adsorption of the particles on the cathode through loss of the ionic 
cloud through the electrical field present at the cathode. As the deposited metal 
is growing, the particles are incorporated into the MMC due to the strong 
adsorption.  
Celis, Roos and Buelens [33], [139] carried out further development to Guglielmi’s 
model. The model proposed by the authors was that the adsorbed double layer 
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forms around each particle in bulk solution which is illustrated in Figure 3-5. 
These particles are transferred to the hydrodynamic boundary layer through 
forced convection and particles arrive at the cathode by diffusion. As the free and 
adsorbed ions are reduced, the particle becomes entrapped when a fraction of 
the ions originally adsorbed are reduced. 
Other models for particle incorporation include the model proposed by Hwang 
and Hwang which is similar to Guglielmi’s model with differences of three current 
densities being identified [29]. The rate of particle codepositon is determined by 
electrode reactions of adsorbed species on the particles.  
In 2002, Bercot et. al. developed a mathematical model for the codeposition of 
PTFE into a Nickel MMC based on Guglielmi’s model of particle incorporation 
[20]. Although the authors did not mention the use of a surfactant or their method 
for obtaining a dispersed, stable PTFE suspension, they reported reproducible 
results using direct current and mechanical stirring methods.  
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Figure 2-14 has been removed due to Copyright restrictions. 
 
 
 
 
 
 
Figure 2-14 Model of particle incorporation proposed by Celis, Roos and 
Buelens  [31], [140] 
 
2.7 State of the art silver composite coatings 
Silver has been traditionally used for its aesthetic properties but in recent times, 
silver in the form of Ag-PTFE MMCs have been exploited for its other lesser 
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known properties for a variety of applications such as power generation and 
biomedical.  
The use of silver in the power generation industry is to take advantage of its 
excellent properties. Research has found nano silver structures to have excellent 
electronic, magnetic, optical, thermal and catalytic properties, which are in turn 
influenced by its size, shape, morphology and crystallinity [141]–[143].  
Fu et al. reported successful deposition of Ag-PTFE on stainless steel through 
nicotinic acid and bi-pulse electroplating [8]. The Ag-PTFE coating was used 
within a fuel cell, where their focus was on increasing the contact angle of water 
on the coating, which is beneficial for water management of the fuel cell stack. 
The authors found that the embedded PTFE did not affect the corrosion 
resistance of the silver plating and later concluded that the PTFE particles were 
embedded into the defects of the Ag coating during electrodeposition and this 
reduced the defects on the overall coating. Within their published work, the 
authors neglected to state the parameters and conditions used during 
electroplating, and the scope of their published paper did not include an 
assessment of other coating properties such as porosity, thickness, adhesion, 
tribology or wear resistance.  
On the other hand, Zhao et al. reported their research into the development of a 
Ag-PTFE MMC coating with anti-microbial and anti-corrosion properties through 
the use of electroless plating for biomedical applications [32]. Their developed 
coating was focused on creating a biomedically safe coating for use in the human 
body which would have the benefits of preventing bacterial infection through a 
low surface energy. Thus, research carried out by the Zhao et al. were focused 
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on evaluating the surface energy through contact angle measurements and 
bacterial adhesion tests. The researchers tried 3 different solutions and 5 different 
surfactants to obtain the Ag-PTFE coating and found the coating thickness to be 
between 1-2 micrometres. The authors provided an SEM micrograph of a uniform, 
rough silver deposit which coincide with low amounts of PTFE incorporation. The 
authors later claim improved PTFE deposition which had a smooth deposit 
appearance; however, this claim was not supported with any SEM micrographs. 
In relation to PTFE incorporation using surfactants, Zhao et al. later reported a 
linear relationship between PTFE in the plating solution with incorporated PTFE 
in the Ag-PTFE MMC and concluded that the FC-4 surfactant showed best 
performance in uniformly dispersing the inert PTFE particles within the plating 
solution. The work also concluded that the corrosion performance of Ag-PTFE 
was improved over 316L stainless steel. Again, due to the scope of the work 
limited information about the other properties of the coating was provided.   
The morphology of deposited silver dictates the overall surface morphology of the 
Ag-PTFE deposit as silver is the only conducting material in the context of 
electrodeposited Ag-PTFE. Experiments carried out by Liu et. al. to understand 
the morphology of silver deposits relative to applied current density found that a 
low applied current density resulted in the formation of silver aggregates occurred, 
while dendritic morphological silver deposits were created at higher densities (Liu 
et al. 2015). The experiments carried out by Liu et al. were focused on the 
creation of dendritic deposits of silver to take advantage of its conductive 
properties. However, the authors only reported on a limited number of coating 
properties which limit its applicability for tribological applications, where 
properties such as coating thicknesses are critical. Within the context of 
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tribological applications, the use of silver aggregates would be more suitable as 
opposed to silver dendrites due to load bearing requirements of the 
nanostructures.  
Research carried out on Ag-PTFE coatings have thus far been limited to specific 
applications in power generation and biomedical, where specific coating 
characteristics have been investigated and coating deposit refinement 
techniques have not been fully investigated. One specific coating deposit 
refinement technique is the utilisation of PCP, where authors such as Shanti et 
al. have found improved coating thickness uniformity with less porosity and finer 
grains over DCP [144]. Earlier work carried out by Shanti et al. using PCP 
frequencies of 10, 25, 50 and 100Hz with a constant 120s plating time found an 
inverse trend in the deposit thicknesses with frequency used and concluded that 
good quality deposits with low porosity and fine grains have been obtained from 
low peak current density and higher duty cycles [120]. Gaps in the works 
published by the authors include that of coating characterisation, where 
mechanical coating properties such as adhesion would be of great benefit.  
Among the non-cyanide silver electroplating baths available, Ren et al. reported 
their successes in obtaining good quality silver deposits using a thiosulfate bath 
on a copper substrate with good adhesion results [145]. The adhesion tests 
carried out were as per the QB/T 3821-1999 standard which is based on the 
international ISO 2819 standard for testing adhesion of electrodeposited and 
chemically deposited coatings on metallic substrates which only details a method 
for qualitatively evaluating a coating. On the other hand, silver deposits with 
increased microhardness over conventional cyanide silver plating of similar 
thickness have been reported using a non-cyanide succinimide bath. The 
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research carried out by Jayakrishnan et al. through their work on electroplating 
silver on a copper substrate using a succinimide bath found that current 
efficiencies of up to 98% were possible at controlled pH and temperature and 
reported that the resulting silver coating exhibited with a microhardness of 75.2 
Vickers, which was harder than 60.3 Vickers for a conventional cyanide plating 
[96]. Within the publication, no meaningful images of the surface morphology 
were provided and characterisation of the resulting coating such as adhesion and 
tribology were not considered. The wear of a coating is impacted by the hardness 
of the coating, and there is a benefit for a having a harder silver deposit in the 
context of a silver coating on stainless steel and thus the succinimide bath 
warrants further investigation.  
In terms of tribology for silver coatings, Jang and Kim Investigated dry sliding 
friction experiments with soft metallic coatings including silver and concluded that 
optimum film thickness for silver to be between 7 to 10 nm [146]. The limitation 
of the work was that it was only carried out under low load contact sliding on a 
relatively soft silicon substrate. It was only quite recently that Tronci and Marshall 
assessed the behaviour of silver as a low friction coating in aerospace fasteners 
and found the thread friction to be between 0.1 – 0.14 as a result of shear flow of 
silver coating during the assembly process [147]. The assembly tests carried out 
by Tronci and Marshall utilised liquid lubrication on the bolt prior to assembly and 
thus the CoF values obtained were not of dry sliding. Furthermore, it has not been 
clarified if a cyanide silver or non-cyanide silver electroplating method was used 
during the electroplating of the nuts and the application is limited in the context of 
this thesis.  
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2.8 Coating testing and evaluation 
Adhesion is a key characteristic of a deposited coating and there are various 
methods for the assessment of coating adhesion, including the use of pressure 
sensitive tape, acceleration testing, electromagnetic stressing, shock wave 
testing, tensile and shear testing, laser techniques, acoustic imaging, indentation 
tests and scratch testing, with the scratch test having the widest commercial use 
[148], [149]. The scratch test not only provides the provision of assessing 
adhesion, but the cohesive and tribological characteristics are also able to be 
obtained for both industry and research. This test was introduced in the early 
1980s and is carried out by moving a diamond indenter across the surface to be 
tested at a constant velocity, typically with a linearly increasing load. The scratch 
testing method is able to highlight adhesion failure of the coating through failure 
modes such as coating detachment, through-thickness cracking, plastic 
deformation and cracking in the coating [149]. A variation of this technique for 
tribological analysis of coatings is by using a sliding sphere [49], [150].  
Where the characterisation of a coating primarily involves its tribological 
properties, tests such as pin-on-flat or pin-on-disc methods have been utilised for 
characterising coatings [146]. This method is well suited for the tribological and 
wear assessment of thick coatings and offers a variety of wear mechanisms.   
In terms of standards, ISO2819:1980 is commonly used for testing the adhesion 
of metallic coatings on metallic substrates deposited using electrodeposition or 
chemical deposition. This standard is limited to qualitative tests carried out on the 
deposit coating and as such, the comparison of 2 or more coatings using this 
standard is limited by the biases of qualitative data comparison and apparent lack 
of quantifiable resolution. As such it is much more suitable for applications within 
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an industrial context where process parameters have been fully established, as 
opposed to within a research and development context.  
Threaded compression fittings are used as connecting components within a wider 
system for the transmission of a media under pressure. Component robustness 
is challenged through pressure testing to the relevant pressures which are 
dependent on the size and wall thicknesses of tubing used. Furthermore, the 
major manufacturers for threaded compression fittings have not included the test 
methods or standards utilised in the testing of the coatings on the compression 
fitting nuts in published literature. Moreover, deterioration of threaded connectors 
due to tightening operations is recognised as a failure mode for pressure tests 
[151]. On the other hand, the importance of the tightening process towards the 
creation of a successful assembly is widely acknowledged for threaded fasteners. 
Threaded fasteners are tested to various standards, key among which is the 
ISO16047:2005 standard, which determines the tightening characteristics of 
threaded fasteners as well as its associated parts. The applicability of this 
standard is towards fasteners made of carbon or alloy steel with ISO metric 
internal or external threads per ISO 68-1. The standard takes into account CoF 
of contact areas during assembly as it impacts on the overall tightening process, 
which is in turn directly affected by the interactions between surfaces due to 
lubrication.  
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2.9 Summary of the chapter  
This chapter has provided a review of existing knowledge in relation to coating 
deposition as well as key tribological concepts relevant to threaded compression 
fittings.  
As electroplating is typically carried out as part of finishing operations, a key 
consideration prior to electroplating is surface preparation and cleaning to ensure 
deposit quality and adhesion to the substrate. This chapter has also highlighted 
the development of non-cyanide silver plating methods which has progressed 
over the years to be of equivalent quality to traditional cyanide electroplating 
methods. In addition, although the incorporation of PTFE into silver to form Ag-
PTFE composite coating had previously been successfully attempted, there are 
knowledge gaps in achieving this using a succinimide silver bath and more 
importantly the quantification of its tribological performance.  
In relation to key tribological concepts relevant to threaded compression fittings, 
an overview was provided for threaded fasteners, and a comparison between 
fastener types was carried out, since studies relating to threaded fasteners are 
more established. Issues such as the effects of screw thread profiles in the 
capability of converting torque into linear motion were also considered. All the 
issues discussed in this chapter have provided the basis for identifying the main 
issues surrounding the tribological testing and lubrication of fasteners which will 
be used in the self-lubricating coating development process in the following 
chapters.  
Furthermore, the literature review has highlighted several gaps in current 
knowledge which this research is aimed at addressing. Firstly, traditional 
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research into non-cyanide silver electroplating has been focused on the 
aesthetics of the coating for decorative applications. Modern research on the 
other hand, has exploited the antibacterial properties of silver for biomedical 
applications along with its conductive properties in the power generation 
applications have shown promising results. There is an opportunity to better 
characterise the physical properties of a non-cyanide silver coating. Secondly, 
silver has been used as a low-friction coating for aerospace fasteners. However, 
the low-friction coating is used in conjunction with liquid lubricants during 
assembly. Moreover, electroplated silver with embedded PTFE is not novel. The 
opportunity therefore lies in understanding the dry sliding tribological properties 
of silver and silver-composite fabricated using environmentally friendly methods. 
Thirdly, pulsed plating is advantageous in depositing harder coatings with a fine 
grain structure and is advantageous in embedding foreign particles. There is 
therefore an opportunity to characterise silver deposits using a non-cyanide 
process using pulsed plating. Fourthly, threaded compression fittings of a ferruled 
type have been in use for decades with silver used as a solid lubricant in dry 
sliding conditions during assembly. These silver coatings are typically carried out 
using traditional silver plating parameters, and there is an opportunity for non-
cyanide alternatives to replace the environmentally detrimental process 
associated with traditional silver electroplating. Finally, leading manufacturers of 
threaded compression fittings stipulate a qualitative rotational angle target in 
addition to a qualitative “feel” of torque during assembly. Present day 
understanding of fasteners have highlighted the importance of both angle and 
torque targets during assembly and it would be advantageous to quantify the 
process. 
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The next chapter details the methodology used for coating development and 
experiments carried out in achieving the aims and objectives of the research.  
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Chapter 3 Coating synthesis and analysis 
 
3.1 Introduction 
The literature review in Chapter 2 provided key information concerning existing 
knowledge on threaded compression fittings, current knowledge on electroplated 
coatings, and the incorporation of particles into a silver MMC. The literature 
review on threaded compression fittings provided key aspects to consider for the 
various aspects involved in the make-up process of these fittings. On the other 
hand, the literature review on electroplated coatings provided general hints on 
aspects that would be worth considering for non-cyanide silver MMC 
electroplating.  
The analysis was carried out after each set of experiments and the key learnings 
from the analysis were used to inform further experiments that were carried out. 
This gradual but systematic coating development method forms the basis of 
meeting the project aims and objectives. This chapter subsequently details the 
methodology for the experimental work that was carried out in the development 
of a self-lubricating composite coating for threaded compression fittings  
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3.2 Methodology 
The development of the self-lubricating composite coating is spread across three 
stages as seen in Figure 3-1. Stage 1 comprises of the initial development of the 
coating, which covers aspects such as trials using different voltages, varying 
PTFE bath content and substrate surface modification and subsequently a 
structured investigation of variables to find the optimum bath variables for a 
coating which meets the aims and objectives of the research. Stage 2 involves 
further coating refinement and this involves the utilisation of surfactants, pulsed 
plating and an investigation into the utilisation of strikes. The final stage, is an 
assessment of the coating for use in threaded compression fittings. As 
performance data for the existing coating is not provided by manufacturers, 
commercial cyanide silver coatings are compared alongside a non-cyanide silver 
and the Ag-PTFE coating developed as part of this research.  
Framework for the development of a self-lubricating non-cyanide Ag-PTFE 
composite coating for threaded compression fittings (TCFs)
Trials using 
different 
voltages
Stage 1: 
Initial 
Development
Stage 2: 
Coating 
refinement
Stage 3:
Coating 
assessment 
for TCFs
Trials using 
varying PTFE 
bath content
Substrate 
surface 
modification
Structured 
investigation 
of variables
Surfactant 
utilisation
Pulsed 
Plating
Strike 
utilisation
Comparison 
of coating
 
Figure 3-1 Framework for the development of a self-lubricating non-cyanide Ag-
PTFE composite coating for threaded compression fittings 
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3.3 Cleaning and surface preparation 
Surface preparation plays a key part for laboratory testing of samples to ensure 
that surface conditions remain constant throughout. Furthermore, it is also a key 
part of ensuring a consistent and acceptable surface quality during the 
electroplating process. For cleaning, an alkaline cleaner was employed 
containing sodium hydroxide, sodium carbonate, tribasic sodium phosphate, and 
sodium metasilicate with concentration listed in Table 3-1. Sodium hydroxide is 
commonly used as an ingredient in the manufacture of soaps and detergents. 
Sodium carbonate on the other hand is used for cleaning and polishing silver. 
Tribasic sodium phosphate is widely used in formulations of consumer grade 
soaps and detergents as a cleaning agent. It is commonly used for cleaning and 
degreasing of oils left over from the manufacturing process. Lastly, sodium 
silicate can improve the ruggedness of the solution by forming a coating of 
silicates on the detergent granules.  
The samples to be cleaned were immersed in the cleaning solution, and the entire 
solution was put in an ultrasonic bath for 600s. The acid etching and surface 
activation were carried out using 5% w/v HCL acid. Deionised water was also 
used for cleaning and rinsing the samples where necessary. The acetone used 
during sample cleaning and surface preparation was of analytical grade. For 
surface roughness investigations, grit sizes of 320, 400, 800 and 1200 were 
considered. The substrate would be subjected to 10 manual cycles of polishing 
in a direction perpendicular to the linear tribometer test and its surface analysed 
before electroplating.  
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Table 3-1 Alkaline cleaner composition 
Composition Concentration 
Sodium Hydroxide (g/L) 25 
Sodium Carbonate (g/L) 30 
Tribasic Sodium Phosphate (g/L) 15 
Sodium Metasilicate (g/L) 20 
 
 
3.4 Coating Synthesis 
Initial trial and error were carried out to understand better the potential for 
obtaining a successful silver deposit. This was conducted using a similar alkaline 
non-cyanide silver plating solution based on successful attempts of obtaining 
succinimide silver electroplating deposits at a plating time of 600s [103]. The 
succinimide silver electroplating bath is made from two distinct parts. The first 
part of the electroplating bath comprises of a silver nitrate and succinimide 
solution resulting in a neutral pH of approximately 7. An aqueous potassium 
hydroxide solution is then added to increase the alkalinity of the bath to meet the 
pH requirements. The trial and error was then carried out for both temperature 
and pH to ensure that a realistic operational range was present not just for 
subsequent experiments but also for the bath to be used within industry. 
Temperature was varied in 1°C increments while pH in 0.5 increments. Each trial 
was carried out one at a time on 3 samples based on a nominal temperature of 
30°C with a tolerance of +/-2°C and a nominal pH of 9 +/-0.5 to ensure that a 
coating could be successfully obtained on 304 stainless steel plates using a 
constant voltage of 0.5V. A successful coating on the substrate is visually 
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observed as a uniform, off-white deposit on the substrate. All samples trialled 
showed success in having a deposited coating. 
The succinimide bath that was chosen for further study had the bath compositions 
as summarised in Table 3-2. Further developments of the electroplated coating 
were carried out on the same 304 stainless steel plates. Specifications, physical 
properties and elemental compositions of the plates are listed in   
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Table 3-3. For the non-cyanide silver plating bath, succinimide added acts as the 
complexing agent to the electrolytic solution. The PTFE used was supplied by 
Sigma-Aldrich with particle sizes quoted by the manufacturer with average 
particle sizes of 0.22µm, 60wt.% dispersion in H2O. 
 
Table 3-2 Variables that were investigated for the Ag-PTFE surface coating  
Composition Ranges 
Silver Nitrate (g/L) 17-34 
Succinimide (g/L) 50-80 
Potassium Hydroxide (g/L) 12-14 
Solution pH 8.5 – 9.5 
Temperature (°C) 28 – 32 
Current Density (A/dm2) 0.13 – 0.15 
 
Addition of PTFE into this succinimide silver electroplating bath and subsequent 
success in obtaining a Ag-PTFE MMC has not been previously reported to the 
knowledge of this author at the time of conducting the experiment. As such, trial 
and error using a moderate addition of 5% PTFE in the bath was carried out on 
3 samples to understand if PTFE can be successfully incorporated. Subsequent 
EDS analysis of the plated samples was carried out as part of the SEM analysis 
to determine the presence of PTFE (C2F4)n through carbon and fluorine elements 
on surface characteristics of the stainless steel substrate. This showed success 
in PTFE incorporation within the MMC through the detection of fluorine element 
in all the samples.  
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Through reflection of experiences obtained through one-at-a-time trial and error, 
the author decided to seek a more structured method for investigating 
subsequent variables that could impact on the tribological performance of the 
coating. These factors include theoretical coating thickness controlled through 
voltage, time and bath conductivity as well as PTFE incorporation controlled 
through PTFE concentration in the bath and the hydrodynamic conditions in the 
bath that are affected by bath agitation speed. These are discussed in more detail 
in Section 3.4.2. 
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Table 3-3 Specifications, physical properties and elemental composition of the 
304 stainless steel plates 
Specifications 
Criteria Values 
Dimension (H x W x D) 25 x 12 x 1 mm 
Material Type 304 Stainless Steel 
Finishing As machined 
Surface Roughness Ra Approx. 2.0 µm  
Hardness (Vickers) 129 
Physical 
Properties 
Physical Property Value 
Density 8.00 g/cm³ 
Melting Point 1450 °C 
Thermal Expansion 17.2 x10^-6 /K 
Modulus of Elasticity 193 GPa 
Thermal Conductivity 16.2 W/m.K 
Electrical Resistivity 0.072 x10^-6 Ω .m 
Elemental 
Composition 
Element Weight % 
Carbon (C) 0.08 Max 
Chromium (Cr) 18 – 20 
Iron (Fe) 66.345 – 74 
Manganese (Mn) 2 Max 
Nickel (Ni) 8 – 10.5 
Phosphorus (P) 0.045 Max 
Sulphur (S) 0.03 Max 
Silicone (Si) 1 Max 
Nitrogen (N) 0 – 0.11 
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3.4.1 Usage of strikes 
The challenges associated with electroplating stainless steel are widely known in 
the metals finishing industry, and this is typically overcome by the use of 
appropriate strikes. Furthermore, the current commercial silver electroplating 
process also involves the use of a silver strike before carrying out the 
electrodeposition of the main silver coating. The main objective for using a 
suitable strike is for ease of depositing the main coating, especially when it comes 
to metals that are well known to face difficulties in the electroplating process. 
Strikes are inefficient processes of metal deposition, and the use of strikes results 
in releasing gases such as hydrogen at the cathode in aqueous solutions. The 
release of hydrogen also has the effect of further cleaning the cathode before 
depositing the main layer. As a result, it would be easier to electroplate silver 
directly onto metals such as silver, copper, and nickel as opposed to stainless 
steel. Therefore, strikes were investigated as part of the research into the 
development of the self-lubricating coating. 
The copper and nickel strikes obtained from the Universal Metal Finishing 
Guidebook considered during the research process are listed in table 3-2 and 
table 3-3 respectively along with operating parameters [152]. The silver strike 
used is chemically comprised of the succinimide non-cyanide plating solution with 
the exception of current density, where an increased current density of 2 A/dm2 
was used.  
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Table 3-4 Copper strike composition and operating conditions from the 
Universal Metal Finishing Guidebook [152] 
Component 
Concentration/ operating 
parameter 
Copper 
Sulphate 
7.5 g/L 
Sulphuric Acid 3% w/v 
Current Density 2 A/dm2 
Temperature Room temperature 
 
 
Table 3-5 Woods nickel strike composition and operating conditions from the 
Universal Metal Finishing Guidebook [152] 
Component 
Concentration/ operating 
parameter 
Nickel Chloride 45 g/L 
HCL Acid 10% w/v 
Current Density 2 A/dm2 
Temperature Room temperature 
 
 
3.4.2 Coating development through full factorial experiments 
A systematic approach was required to identify the appropriate parameters to 
achieve a coating of acceptable quality. Trial and error one-at-a-time methods 
would prove to be inefficient and consume significant amounts of resource to 
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investigate the factors that affect the electroplating process. Instead, design of 
experiments (DoE), which is a powerful and efficient method to investigate 
various factors affecting complex processes such as electroplating using trial and 
error methods can be utilised. DoE also provides a method for systematic 
investigation of all factors and interactions between variables and is more reliable 
and complete than one factor at a time experiments.  
As the objective of carrying out the DoE was to screen the variables, a two-level 
factorial design is suitable [153]. This allows the investigation of how the variables 
affect the intended outcomes in the presence of other variables. Furthermore, full 
factorial experiments allow complete and systematic study of interactions 
between variables in addition to identifying significant variables. The outcome 
expected of the full factorial experiments is an understanding of the interactions 
between the variables and its impact on the outputs of silver and PTFE 
incorporation, as well as establish the significance of PTFE incorporation towards 
tribological performance of the coating.  
The experimental design of full factorial experiments revolves around three 
aspects of the process, namely the factors, levels, and response. Within the 
context of the experimental design, the inputs to the process are considered 
factors for the experimental design. Factors can typically be classified as either 
controllable or uncontrollable variables, and only controllable variables are 
considered as factors. The abundant literature available for electroplating 
discussed in previous chapters and previous trial and error experiments were 
paramount in mapping out and deciding the process factors which would be 
chosen for further study. The levels can then be defined as the setting or settings 
for each factor, with a minimum of 1 level required per factor. The responses, on 
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the other hand, are the measured outputs from the experiment and will be studied 
in detail, and these include CoF measurements, adhesion, and the inclusion of 
PTFE into the MMC. The method for obtaining these results as well as its 
significance is discussed in their respective sections.  
A full factorial consisting of 5 variables with two levels per variable was carried 
out. The objectives of the full factorial experiments were to review and determine 
the effects of these variables on the overall quality of the deposited coating as 
well as PTFE incorporation into the MMC. Variables considered include voltage, 
agitation speed, coating time, potassium nitrate presence and the PTFE content 
in the bath. The variables and associated levels are shown in Table 3-6. The 
consistency of the electroplating bath during the production process was 
achieved using a master batch, which was adjusted for pH consistency before 
being decanted into smaller beakers for the individual electroplating operations. 
The full factorial experiment process flowchart provides a graphical overview in 
Figure 3-2. 3 test plates were electroplated for each sample set to be used for 
testing purposes.  
A pragmatic approach for using the two-level full factorial experiments is to use 
extremes of process settings for each variable. The key output of tribology will be 
affected by voltage, where it has been established that 0.8V is the maximum 
voltage that can be applied through initial trial and error experiments carried out 
as reported in Chapter 4, while the minimum of 0.5V was used as it has been 
established as this would successfully result in coating deposition. The maximum 
coating time on the other hand is 600s as originally reported. Based on Faraday’s 
law, halving the plating time to 300s would theoretically halve the theoretical 
coating thickness, and it would be of interest to compare the effects of this. On 
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the other hand, potassium nitrate is commonly used to improve conductivity in an 
electrolyte and it is viable to consider the effects of improved conductivity towards 
the resulting coating. In terms of PTFE content and bath agitation speed, previous 
trials showed success in PTFE incorporation through addition of 50mL/L worth of 
PTFE at 100 RPM. By using the structured two-level full factorial approach, the 
effects of doubling the amount of PTFE in the bath and bath agitation speed 
towards incorporation within the MMC its tribological effects can be studied.   
 
Table 3-6 Summary of variables for the full factorial experiments 
Factor Setting 1 Setting 2 
Voltage (V) 0.5 0.8 
Agitation speed (RPM) 100 200 
Coating Time (s) 300 600 
Potassium Nitrate Presence (g/L) 0 16.7 
PTFE Amount (mL/L) 50 100 
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Figure 3-2 Electroplating bath fabrication flowchart 
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3.4.3 Coating development after full factorial experiments  
The full factorial experiments provided the parameters for obtaining a coating 
which could be further developed to meet the project aims and objectives. The 
lessons learned from these experiments were used to inform subsequent 
experiments.  
A good quality coating has to provide lubrication to the contact regions during 
repeated make-up attempts without the use of external or added lubrication. To 
be able to provide lubrication over repeated make-up attempts, the relatively soft 
coating has to resist wear, as an exhausted coating would ultimately result in 
direct stainless steel on stainless steel contact, resulting in galling and potentially 
seizure of the assembly.  
The coating development also included investigation into the use of pulse plating. 
These were carried out using a rectifier that was capable of generating the 
required pulse waveforms thus a BK Electronics Model BK9174 was used.  
3.5 Microscopy 
Microscopy was used for several purposes. Firstly it was used to examine the 
surface roughness of the substrate material prior to electroplating in determining 
the effects of surface roughness on frictional performance. Furthermore, optical 
microscopy was used to observe the extent of the wear on the sample after 
testing was carried out. SEM and EDS were also used to determine silver and 
PTFE surface coating content after electroplating.  
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3.5.1 SEM & EDS 
The SEM microscopy was conducted on the JEOL 6500 and JEOL 7100 
instruments available at Plymouth University. This included inspecting the 
surface morphology and determining the silver and PTFE surface coating content 
in wt% using EDS analysis. The elements of interest were silver (Ag) as well as 
both fluorine (F) and carbon (C) from PTFE with chemical formula (C2F4)n. 
Quantitative data from the EDS analysis were compiled and compared across all 
the full factorial samples analysed with averages from three random sites on each 
sample at the same magnification levels. 
3.5.2 Optical 
The inspection of parts at low level magnification levels of up to x100 was carried 
out using several optical microscopes available at Plymouth University. These 
included the Olympus BX-41 and Olympus BX-60M optical microscopes. 
3.5.3 Surface roughness 
The examination and quantification of the substrate surface roughness prior to 
electroplating was carried out. The equipment used was an Olympus LEXT 
OLS3000 Laser Confocal microscope. This was carried out to ensure a similar 
surface roughness on the pre-plated samples as well as to identify the surface 
roughness achieved through surface modification activities. Through the LEXT 
Laser Confocal Microscope at Plymouth University, a three-dimensional profile of 
the surface topography for the test plates was obtained as seen in Figure 3-3.  
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Figure 3-3 Three-dimensional surface topography obtained from the LEXT laser 
confocal microscope used to measure surface roughness 
3.5.4 XPS 
As part of the microscopy analysis, XPS was carried out in order to better 
understand the surface chemistry of the Ag-PTFE electroplating. The XPS 
microscopy work was carried out by Newcastle University’s NEXUS facility as 
part of the EPSRC access scheme. As such, only a small number of samples 
could be tested at NEXUS due to the limited availability of the facility. Initial results 
from the SEM and EDS analysis was used to determine the selection of samples 
to be analysed; these included a control sample of pure electroplated silver 
fabricated using the non-cyanide electroplating process. 
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3.6 Tribology 
Although Rabinowicz’s definition of a self-lubricating MMC is based on foreign 
particle incorporation which can be obtained through microscopy or chemical 
analysis, this author believes that it is still necessary to determine the quantitative 
tribological performance of each coating through obtaining its CoF so a 
comparison can be made. The main objective of experiments carried out on the 
linear tribometer is then to determine this value for the coatings as part of the 
development process. This involves sliding a pin across the coating surface and 
applying contact pressure through the cycles.  
 
Figure 3-4 The bi-directional linear tribometer 
 
The tests to determine the CoF were carried out using a bespoke bi-directional 
tribometer as illustrated in Figure 3-4. The test rig comprises of an aluminium 
base plate supported by two horizontally constrained flexure spring platforms, 
where one platform can move relative to base plate using a linear motor. The 
relatively low sliding speeds of the tribometer minimises temperature changes at 
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the pin/coating interface and mitigates variation in frictional properties due to 
temperature variation in PTFE polymer as part of the experiment. The cantilever 
beam is mounted to the actuator platform, with strain gauges mounted on the 
cantilever. With the test pin located on the end of the cantilever, the deflection 
that occurs during sliding provides a normal force reading.  
In this test, the sample is mounted at a set 5° from horizontal with the replaceable, 
3mm diameter, grade 10 AISI 52100 chrome steel spherical friction pin (Hardness: 
60-67 HRC) resting on the sample at the datum state as illustrated in Figure 3-5. 
The forward sliding motion as the actuator is engaged displaces the pin upwards 
as it travels across the surface of the test sample, mounted on the second flexure. 
The combination of forward action and angled test base results in the increase of 
a normal force. The horizontal force provided by the actuator through the sliding 
pin also displaces the second flexure and provides the horizontal frictional force 
component. An optical fibre detects and measures this deflection to enable 
horizontal and frictional force calculation. Calibration is carried out on both the 
cantilever and optical fibre to ensure accuracy of output readings. The various 
criteria for the tribometer experiments are listed in  
Table 3-7.  
Although this method for tribological testing is not commonly utilised, it has a 
benefit over tribology experiments such as pin on disk of capturing varying normal 
force during each test cycle to detect variations of CoF with contact pressure. 
This is a much more appropriate method of experimental testing for a coating that 
will ultimately be utilised for threaded compression fittings, where varying contact 
pressures are prevalent during the make-up of the assembly. Additional details 
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on the design of the test rig can found in the original work carried out by Le et. al. 
[154].  
 
Figure 3-5 Stages of operation for the linear tribometer 
 
Table 3-7 Criteria for experiments carried out on the linear tribometer 
Sliding velocity: 12mm/min 
Sliding distance: 13mm 
Number of cycles: 8 (16 passes) 
Total sliding distance: 208mm 
Data sampling Rate: 1 Hz 
Number of tests: 
3 random sites per 
sample 
 
Developmental work was carried out to ensure that the linear tribometer was 
capable of delivering repeated and reliable output data throughout all of the 
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experiments. Upgrades were carried out to the hardware including the use of 
shielded cables for signal transmission to prevent electrical and electronic signal 
interference, the addition of a signal filter and amplifier as well as a standalone 
Wheatstone bridge. After the upgrades to the existing equipment were made, a 
linear relationship of voltage to weight was observed from the calibration of both 
the strain gauges and fibre optic displacement sensor within required force range. 
In addition, a consistency of output results were obtained during multiple 
calibration runs for both the strain gauges and fibre optic displacement sensor. 
The calibration of the system suggests that the tribometer is capable of producing 
reliable and repeatable output results. The friction coefficient was calculated 
based on the forces acting on the sample surface with friction pin resting on top. 
The acquisition of voltage output data from both the strain gauges and fibre optic 
sensor were through Labview 2012 version 12 which was linked to a National 
Instruments NI USB-6210 data acquisition module. All of the experiments were 
carried out at room temperature. Instructions for the data collection and 
maintenance information for the linear tribometer were created and are attached 
in Appendix 1.  
The experiments carried out on the tribometer are based on Hertzian elastic 
theory with the assumption of plastic deformation during the contact process. This 
is due to the average Hertz pressure of 700 MPa achieved during steel-on-steel 
sliding of the wear pin [155]. This is also backed by the fact that the Ag or Ag-
PTFE coating is soft relative to either the tribometer pin or the substrate.  
Microscopy analysis of the coating post-test was carried out to study the effects 
of the sliding tribometer pin on the coating as well as substrate. Tribological 
theories relating to wear and lubrication are used to characterise the frictional 
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performance of each coating under the cyclical wear process. The sliding pin is 
inspected under a microscope before and after each wear cycle to establish its 
surface conditions. A replacement pin or fresh pin surface is used in the event of 
cyclical wear or any other forms of wear being present on the surface of the pin.  
3.7 Adhesion 
 
Figure 3-6 The Instron tensile testing machine 
Adhesion tests were conducted using an Instron tensile testing machine as 
illustrated in Figure 3-6 with a maximum force transducer capacity of 5000N. 
ANSI 304 stainless steel rods of 6mm diameter were fabricated with a hole in one 
end to allow a metal wire to be attached to the machine. The other end of the 
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stainless steel was polished to a mirror finish and thoroughly ultrasonically 
cleaned using acetone and the alkaline cleaning solution prior to being attached 
to the sample using a Vishay general purpose adhesive. Care was taken to 
ensure that an appropriate amount of adhesive was used during the mounting of 
the sample. After curing of adhesive between the test rod and the sample, the 
Instron machine test profile was set to carry out the tensile test at a speed of 
2mm/min. Alignment was carried out in both X and Y directions, with the test 
carried out in the Z direction as illustrated in Figure 3-7.  
 
Figure 3-7 Schematic of the adhesion test experiment 
 
Maximum yield forces were noted for each of the coatings tested. The adhesion 
strength was subsequently calculated by dividing the maximum yield force of the 
coating by the area of rod as shown in Eq. 3-1 below. 
                   - Eq 3-1 
 
Where, 
P = Adhesion strength (MPa) 
F = Maximum yield force (N) 
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A = Area (mm2) 
3.8 Weighted decision matrix  
A weighted decision matrix was used in order to rank the experimental outcomes 
based on the criteria to meet the project aims and objectives. The use of this 
enables the quick and systematic identification of relationships between 
predefined criteria and the measured outcomes. This method is used in 
numerous forms within various industrial functions from design to manufacturing 
and is not limited to use in specific industries.  
The intent of the decision matrix is to identify one or more suitable coating(s) to 
be taken forward for further tribological study through the torque test. Weightings 
for each criteria will be between 0 and 9. In the decision matrix, each criterion will 
be given a score of either 0, 1, 3 or 9; where higher values for weighting or score 
indicate higher favourability towards the coating. Once each of the criteria has 
been scored, going row by row, the score in each criteria column is multiplied with 
the relevant criteria weighting. This product of the criteria score and weighting is 
then totalled to form the final score for a particular coating option. This can be 
better understood from the illustration provided in Figure 3-8.  
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Figure 3-8 Example of a weighted decision matrix used 
3.9 Torque Experiment 
The performance of non-cyanide Ag and Ag-PTFE coatings were tested along 
with the commercially available cyanide silver coated nuts through a torque 
experiment. The basic profile measurement for the nut thread is provided in 
Appendix 3. Based on the assembly instruction for the compression fitting 
provided by the manufacturer, the whole compression fitting assembly should be 
made up and the nut tightened to finger tight prior to applying torque using a 
torque wrench. An angle target of 450 degrees is provided for making up the 
specified assembly without any specific torque specification. To ensure a 
consistent finger tight value is achieved across the experiments, all the nuts are 
pre-tightened to a value of 2Nm. For the reassembly process, although certain 
manufacturers state that lubricants may be applied if required, none will be 
applied for all the experiments.  
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Figure 3-9 Torque experiment equipment setup 
Each of the nut coatings were tested for 5 attempts using the equipment setup 
as shown in Figure 3-9, through the reuse of the nut and testing at constant 
velocity of 5° per second. Prior to testing, the test parts (nut, front ferrule, back 
ferrule, body and tube) were thoroughly cleaned using acetone and alkaline 
solution to remove any residual contamination from the manufacturing and 
electroplating processes. The body of the test sample is securely fastened using 
clamps and the equipment and parts are aligned on the x and y-axis. Manual 
application of torque was carried out using the torque wrench. The torque and 
angle signals from each attempt were recorded using the data acquisition and 
recording TL Box supplied by Norbar. The output of the torque experiment is 
subsequently used to model the tightening process based on torque output 
across the 450 degrees. The torque-angle curve is typically used for determining 
fastener strength in threaded fasteners where torque applied will translate to a 
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clamping force. On the other hand, the torque applied for threaded compression 
fittings is used for swaging and this method is proposed to compare the torque 
required as part of the assembly make-up for different nut coatings. This torque 
angle curve is further described in Section 2.2.4. Traditionally used to model the 
tightening process of threaded fasteners, this method is proposed to evaluate the 
swaging process of threaded compression fittings. This method is advantageous 
in that data is collected on-line during the make-up of the threaded compression 
fittings, it is a non-destructive test and it also highlights the areas of resistance 
during make-up. Areas of resistance are indicated by higher torque input 
requirements which could highlight issues during assembly make-up. As torque 
is applied to threaded assemblies which in turn imparts clamping or swaging 
forces, the drawback of this method is the lack of data in relation to force that is 
being applied.  
Each coating variation was repeatedly tested to overcome variability in testing, 
manufacturing finishes and tolerances. An assumption is made that constant 
tightening velocity was used during the tightening process. Detailed 
specifications and data sheets for the equipment can be found in Appendix 3. 
Each nut is allowed to rest for a minimum of 5 minutes between installation and 
removal. Furthermore, after a set of installation and removal experiment has been 
carried out, the nut is allowed to rest for a minimum of 15 minutes during part 
changes and equipment recalibration. These periods of resting are to allow the 
nut to dissipate any increases in temperature as a result of frictional heating.  
The assumption is made that the coating is tested through this experiment based 
on a worst-case scenario basis. During its normal lifecycle, a nut is typically 
installed only once and removed for inspection or other purposes when necessary. 
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During refitting, it is typical of the ferrules already attached to the tube through 
initial installation to be re-used. The nut therefore only needs to secure the 
already clamped ferrules back onto the body without being subjected to the high 
initial installation stresses.  
 
3.10 Summary of the chapter 
This chapter has detailed the methods used to obtain and analyse data from 
experiments with the intent of achieving the research aims and objectives. This 
includes details such as the cleaning and surface preparation prior and between 
electroplating processes or experiments. The coating synthesis introduced the 
formulation and parameters of strikes used during the coating development. 
Details for the full factorial experiments carried out were also provided. 
Furthermore, analysis methods for issues concerning tribology and adhesion 
which is used to determine the tribological performance and coating suitability for 
threaded compression fittings have also been discussed. The results of the 
experiments using these methods will be discussed in further detail in chapters 4 
and 5.  
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Chapter 4 Initial coating development 
 
4.1 Introduction 
Developmental stainless steel plates were used to determine the performance of 
the succinimide silver coating deposits through the methodology detailed in the 
previous chapter to meet the project aim of developing a suitable coating for use 
in threaded compression fittings.  
This chapter starts off with characterisation of the deposit obtained from the non-
cyanide succinimide silver bath because of voltage changes. Subsequent 
investigations were carried out on effects of PTFE incorporation into the MMC 
because of increased concentration. The chapter then progresses into detailed 
investigation into aspects such as the effects of surface roughness on particle 
incorporation and its tribological effects.  
The results from the structured investigation of variables through the 2-level full 
factorial experiments carried out are also presented in this chapter. The overall 
findings from this chapter are used to inform the subsequent development step 
of coating refinement.  
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4.2 Surface morphology 
Based on the silver electroplating bath solution using succinimide salt as an 
alternative to cyanide, a trial and error method was used to deposit a pure silver 
layer. Using a constant voltage process with agitation speed of 200 RPM and 
600s plating time, voltages of 0.5V, 0.8V and 1.0V were trialled. Coating quality 
was assessed based on coating presence, coating uniformity and overall visual 
appearance. Coating presence is clearly visible based on a discolouration of the 
initial sample where silver was successfully deposited. Secondly, the surface 
morphology of the deposit was considered, where a uniform coating has to be 
obtained for it to be considered successful. Finally, visual appearance was 
considered, where a coating should be smooth and in appearance. 
The electrodeposition process was carried out after the sample surface had been 
degreased, cleaned and etched based on the process steps detailed in the 
previous chapter. Visual inspection of the 0.5V and 0.8V samples immediately 
after electroplating was that they were bright and smooth. On the other hand, the 
deposit from the 1.0V process was rough and dark as shown in Figure 4-1, with 
agglomerates around the sharp edges. This was due to an overpotential within 
the bath, resulting in an uneven deposit which was flaky and easy to remove 
which discounted this variable from further investigation.  
 
Figure 4-1 Rough and dark deposit from the 1.0V succinimide bath 
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On the other hand, the coating deposited using 0.5V and 0.8V were similar in 
surface morphology and showed a successful and uniform distribution of silver 
on the sample surface. A representative SEM image is shown for the 0.5V coating 
deposit in Figure 4-2, which suggests that the succinimide silver electroplating 
bath can deposit a thin but consistent silver deposit. The uncoated substrate 
surface was provided for comparison and can be seen in Figure 4-3.  
Due to the relatively short amount of electroplating time, the thin coating was 
deposited on the grain surface and did not manage to obscure the grain 
boundaries. Although the deposited silver coating grains were varied in size, a 
refined deposit was achieved with the majority of sizes being under the 100nm 
magnitude, although several large particles of sizes greater than 100nm were 
also observed. Furthermore, due to the relatively thin coating, elements such as 
iron (Fe) and chromium (Cr) can be picked up from the substrate due to EDS 
analysis. The silver particles deposited are globular in nature, and they can be 
seen to be adhering to the contours of the substrate material. Shown in Figure 
4-4 these silver globules are approximately 100nm in size. Globules smaller and 
larger than 100nm are also present on the surface.  
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Figure 4-2 SEM image at x5000 magnification (left) and associated EDS 
spectrum (right) showing uniform distribution of silver on the sample surface 
using the succinimide electroplating bath at 0.5V as well as high contents of 
silver deposit 
 
Figure 4-3 Surface morphology of the uncoated substrate 
 
An initial inspection of the surface morphology is illustrated in Figure 4-4 for the 
control sample of pure silver electroplating. This was conducted to establish the 
effectiveness of the succinimide electroplating bath. At 40,000x magnification, the 
surface morphology is comprised of nugget like silver particles. These silver 
particles demonstrate good adherence to the substrate by covering all the 
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substrate surface area, even at such as high magnification, suggesting that 
succinimide is a suitable cyanide alternative to silver electroplating. 
 
Figure 4-4: SEM image of the pure silver deposit at 40000x magnification 
 
The uniform non-cyanide Ag plated obtained using a succinimide bath was then 
subjected to testing on the linear tribometer to obtain its CoF performance. An 
average CoF value of 0.3 was obtained for both 0.5 and 0.8V, which was an 
improvement over the CoF values on the uncoated surface of 0.6 as illustrated in 
Figure 4-5. Average CoF was based on data collected for the entire run and the 
information obtained from the succinimide bath for pure silver will be used as a 
benchmark for subsequent development and experiments. The CoF performance 
of the pure non-cyanide Ag coating was consistent over the ramping normal load 
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while the non-coated surface exhibited relatively constant CoF but subsequently 
suffered from erratic performance towards the end of the 8 cycles. Inspection of 
the sample post tribometer testing under an optical microscope showed surface 
roughening and evidence of galling which occurred on the surface of the non-
coated substrate which could be used to explain the erratic CoF results observed 
towards the end of the tribometer test.  
 
Figure 4-5 CoF comparison of eight cycles, for non-cyanide Ag coated surface 
and non-coated stainless steel surface 
4.3 Effects of PTFE concentration in the bath 
The next challenge was to incorporate PTFE into the silver MMC through 
electroplating. Early efforts to incorporate the aqueous PTFE particle suspension 
were through direct addition into the bath. EDS analysis subsequently carried out 
showed that even though substantial amounts of up to 100mL/L of suspended 
PTFE particles were included in the bath, the fluorine element detected on the 
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substrate did not manage to surpass 4wt%. Surface morphology of the Ag-PTFE 
was visually identical to that of the pure silver deposit. This was to be expected 
as the untreated PTFE particles are inert and can only hope to be transported to 
the growing metal deposit through conditions in the electroplating bath. 
Furthermore, the relatively low amounts of incorporated PTFE did not manage to 
improve the CoF. This led to the next aspect of investigation, which was carried 
out to understand the effects of surface roughness on particle incorporation. The 
incorporation of composite PTFE particles will alter the surface morphology of the 
coating, thus affecting its frictional properties and as such both aspects will be 
studied to meet the aim of the project which is to develop a self-lubricating coating.  
 
4.4 Effects of substrate surface roughness on deposit and particle 
incorporation  
As only a thin layer of the Ag-PTFE coating will be deposited through 
electroplating, optimal substrate conditions should exist for optimal particle 
incorporation. The effects of substrate surface roughness on particle 
incorporation were studied using the rectangular test plates. The average initial 
surface roughness values were measured using the LEXT laser confocal 
microscope to be approximately Ra 2.401. These values indicate that the 
substrate surface is rough. However, rough surfaces are advantageous from the 
perspective of galling. According to Rabinowicz, rough surfaces are less prone to 
galling and even in the event of galling occurring, its effects on the surface 
damage are reduced [45]. Furthermore, the author also believed that roughness 
troughs act as lubrication reservoirs to prolong the self-lubricating properties of 
the coating.  
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Surface modification was carried out on test plates. The plate surface was 
polished using sanding paper by following the process as described in the 
previous chapter with the intent of studying effects of smoother surfaces towards 
particle incorporation and also CoF performance of the coating. Post surface 
modification, roughness measurements were averaged based on 3 samples per 
variant across 5 random sites per sample. 
Visual inspection of the test plate surfaces after polishing showed visibly deep 
score marks left on the surface caused by abrasive wear as a result of the 
operation, with different grades of sanding paper used showing either finer or 
rougher score lines. The surface roughness analysis carried out on the LEXT 
laser confocal microscope, on the other hand, showed that the average overall 
surface roughness had decreased to between Ra 0.807µm and Ra 1.551µm.  
To understand this, the method of measuring surface roughness has to be taken 
into consideration, where both amplitude and frequency of the surface dips and 
peaks are taken into consideration. During the polishing surface modification 
process, the abrasive particles of varying sizes on the sanding paper would have 
different effects towards the substrate. Larger abrasive particles had increased 
the magnitude of the peaks and dips. The result of this is visually observed 
through score lines. On the other hand, smaller abrasive particles would have 
evened out the asperities that existed on the surface through sliding abrasive 
wear and the mapping of the surface using a laser highlighted the fact that the 
overall frequency of the peaks and dips had decreased.  
Figure 4-6 shows the Ag-PTFE deposit on an 800 grit polished surface. Due to 
the relatively thin coating deposited, score lines on the substrate due to the 
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polishing process can still be visually observed. The results of the experiments 
are summarised in Table 4-1, and SEM and EDS analysis carried out noted an 
inverse relationship between PTFE incorporation and surface roughness. The 
inverse relationship between grit size and measured surface roughness was 
unexpected, but can be explained based on the polishing process carried out. 
Due to the low polishing cycles, the lower grit sizes (which corresponds to a larger 
average abrasive particle size) were able to remove more of the substrate 
material. Higher grit sizes, on the other hand, were unable to remove as much of 
the substrate, and the original surface conditions still existed, resulting in the 
registration of larger Ra values.  
Results from the linear tribometer showed that the decreased surface roughness 
coincided with an increase in CoF to between 0.35 and 0.45. Analysis of wear 
track post-testing showed that the Ag-PTFE coating had been fully removed from 
the main pin contact area of the wear track which is consistent with the 
observations from previous experiments.  
 
Figure 4-6 Ag-PTFE deposit on modified surface 
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Table 4-1 Summary of results for substrate surface roughness after polishing 
and its associated CoF performance 
Polishing 
(Sanding Grit Sizes) 
N
/A
 -
 A
s
 
m
a
n
u
fa
c
tu
re
d
 
8
0
0
 
4
0
0
 
3
2
0
 
Measured Surface 
Roughness, SRa 
(µm) 
1 2.381 1.251 1.223 0.779 
2 2.512 1.577 1.154 0.781 
3 2.311 1.824 1.238 0.861 
Avg 2.401 1.551 1.205 0.807 
St. Dev 0.083 0.235 0.036 0.038 
PTFE 
(fluorine wt.%) 
1 3.874 2.954 2.252 2.652 
2 3.746 2.895 1.899 1.181 
3 3.840 2.821 2.179 1.296 
Avg 3.820 2.890 2.110 1.710 
St. Dev 0.054 0.054 0.152 0.668 
Coefficient of 
Friction, CoF 
1 0.265 0.343 0.331 0.454 
2 0.293 0.345 0.417 0.441 
3 0.312 0.362 0.362 0.455 
Avg 0.290 0.350 0.370 0.450 
St. Dev 0.019 0.008 0.036 0.006 
(Note: Higher grit sizes indicate finer abrasive particles while higher surface 
roughness values indicate rougher surfaces) 
 
The phenomena of increased particle incorporation as a result of increased 
surface roughness can be explained using frictional forces acting on the PTFE 
particles as proposed by Hovestad et.al. [26]. Considering the local surface 
roughness of the substrate as a series of peaks and recesses, it is crucial in 
ensuring particles are incorporated within the MMC. A low local surface 
roughness based on a relatively flat surface will reduce the probability of particle 
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incorporation while a higher local surface roughness provides the environment in 
which the particles will be able to be incorporated.  
On the other hand, the phenomena of decreased CoF as a result of a higher SRa 
has also been observed and reported by Sedlacek et. al., where the authors 
noted high surface SRa values coinciding with lower CoF values [57]. The 
tribometer test on the substrate is illustrated in Figure 4-7. The polished substrate 
would have a lower SRa value and thus result in higher CoF values. Incidentally, 
the electrodeposited layer is in the form of a thin coating and would conform to 
the contours of the surface topography of the substrate material. In terms of wear, 
as the experiment is carried out, abrasive wear would occur, resulting in removal 
of material as the wear pin slides across the surface. This changes the surface 
topography, resulting in CoF fluctuations. As such, the CoF results utilised were 
averages from the steady-state CoF.    
 
Figure 4-7 Illustration of tribometer test on the substrate 
The results based on substrate surface roughness have shown that the existing 
substrate layer performs favourably albeit by a small margin. This is also 
beneficial in a commercial environment as it reduces the amount of pre-
processing required before the coating process.  
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4.5 Full factorial experiment results 
The full factorial experiments were carried out in an attempt to study the effects 
of the input variables towards the outputs of surface morphology, particle 
incorporation, adhesion and tribological performance. Details of the experiments 
carried out can be found in section 3.4.2 of the previous chapter.  
All of the samples were thoroughly cleaned based on the cleaning regiment 
stated in the previous chapter. During the experiments, the potential was kept 
constant, with current being allowed to fluctuate. The current outputs achieved 
throughout each experiment run and between runs were measured and 
calculated to be between 0.13 A/dm2 and 0.15 A/dm2. The rectifier used for these 
experiments was the Rapid Electronics DC power supply model HY3003D. After 
the electroplating process, all the samples were thoroughly rinsed with DI water, 
dried labelled and kept in air-tight sample bags for further testing and analysis.  
4.5.1 Characterisation of the deposit and surface morphology 
The first observation is carried out towards visual appearance. Although it is not 
a critical criterion for the coating’s intended application reported in this study, it 
does, however, highlight the differences in chemical bath composition towards 
the visual appearance of the coating deposit. Figure 4-8Figure 4-8 shows the 
visual differences between a tarnished and bright sample.  
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Figure 4-8 Tarnished sample (left) and bright sample (right) 
 
Differences in surface morphology were also observed as a result of bath 
parameter changes. The typical surface morphology for the Ag-PTFE MMC 
coating (obtained at 5000x magnification) is illustrated in Figure 4-9Error! 
Reference source not found.. At this level of magnification, the grain boundaries 
of the substrate are clearly visible, and the plated thin film layer was able to cover 
minor pits and imperfections on the substrate. The failure of the plated layer to 
cover larger pits and imperfections suggest that the coating is in the form of a thin 
film of nanometer to micrometer thickness, which corresponds well to the 
theoretical deposit thicknesses of between 0.48 microns to 1.15 microns. Larger 
silver particles are visible as being spherical in shape, bright and light coloured. 
In general, the plated coatings were observed to have full coverage of silver 
particles in varying sizes. 
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Figure 4-9 SEM image at 5000x magnification showing grain boundaries of the 
substrate layer and evenly distributed silver particles as being spherical in 
shape, with larger silver particles being bright and light coloured 
 
The different bath conditions yielded varying results for Ag-PTFE coverage of the 
substrate. Typical poor distribution of plated particles on the substrate surface is 
illustrated in Figure 4-10. The poor distribution has resulted in clusters of 
randomly dispersed silver particles on the substrate being visible at 30,000x 
magnification. This can be attributed to less than optimal bath variable conditions 
for electroplating, low surface tension for PTFE and less effective surfactant in 
the bath. On the other hand, typical good distribution of plated particles on the 
substrate surface is illustrated in Figure 4-10. Good distributions indicate optimal 
bath variable conditions for electroplating, and Ag-PTFE particles of varying sizes 
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adhere fully to the substrate surface. By controlling the bath variables during 
electroplating, the quality and thickness of the coating can be fine-tuned. The 
surface morphology of a good quality Ag-PTFE coating obtained by Zhao et. al. 
has been included in Figure 4-12 as a comparison [32]. The quality of coating 
adhesion on the substrate surface based on varying bath conditions has also 
been quantified using adhesion tests methods discussed in the previous chapter. 
 
Figure 4-10 SEM image at 30000x magnification showing random clusters of 
dispersed silver on the substrate in a poor quality Ag-PTFE coating 
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Figure 4-11 SEM image at 40000x magnification showing uniform Ag-PTFE 
coating of varied particle size in a high-quality Ag-PTFE coating 
 
Figure 4-12 Surface morphology of Ag-PTFE coating obtained by Zhao et.al. 
[32] 
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One of the key variations observed between coatings is the difference in coating 
deposit “roughness”. Figure 4-13(a) shows a visibly rougher coating when 
compared with the smoother deposit obtained in Figure 4-13(b). An assumption 
that all the other chemical bath factors which have the potential to impact deposit 
roughness are consistent throughout can be made based on the controlled bath 
parameters. As such, the differences can be explained by another variable which 
had been experienced fluctuation during the process, which is current density. As 
a constant voltage was applied during the electrodeposition process with the 
current allowed to fluctuate, certain samples would be deposited using a higher 
current density had a higher overpotential value. This is significant because the 
over-potential directly affects the rate of nucleation. A low nucleation rate would 
result in a larger space for the crystal nucleus to grow. With this in mind, and tied 
in with the bath effects will result in the different deposit nucleus sizes and thus 
uneven surface conditions.  
 
 
(a) 
 
(b) 
Figure 4-13 Visible variation in deposit "roughness" observed at 5000x 
magnification 
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A variation in deposit roughness has the potential to impact the CoF of the coating 
directly. To obtain a relatively even surface, a synchronous rate of nucleation 
could be sought by increasing the current density. However, previous research 
has found that if the nucleation rate is too high, larger grains and thus an increase 
in surface unevenness will occur because of the phenomenon of sharp micro-
discharge angle [145].  
EDS Analysis 
EDS analysis was carried out alongside SEM in an attempt to confirm and 
quantify the elements present in the deposit. Based on the EDS wt.% analysis, 
silver and fluorine content on the surface of the samples were between 87.99 wt.% 
- 99.82 wt.% and 0.18 wt.% - 12.01 wt.% as illustrated in Figure 5-9 and Figure 
5-10 respectively. Firstly, this confirms that a composite layer has been 
successfully plated through the succinimide bath and electroplating process. 
Secondly, the presence of both silver and PTFE in varying amounts throughout 
the coatings have also confirmed that the variables investigated were, in fact, 
pivotal in the particle incorporation process, and this warrants the further 
investigation of these factors in meeting the project aim.  
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Figure 4-14 Silver (Ag) wt.% by bath reference suggesting success in the non-
cyanide alternative bath for silver electroplating 
 
Figure 4-15 Fluorine (F) wt.% by bath reference indicating the success of Ag-
PTFE synthesis through a non-cyanide electroplating bath 
 
Self-lubricating non-cyanide silver-polytetrafluoroethylene composite coating for threaded 
compression fittings  © R.Sieh (2016) 
 
124 
 
One of the variables considered during the full factorial experiments was the 
quantity of dispersed PTFE in the electroplating bath. Direct comparison of PTFE 
incorporated to the amount of PTFE added into the electroplating bath was made 
by keeping the other variables in the bath constant as seen in Figure 4-16. The 
fixed variables are listed in Table 4-2. Observations based on the figure are firstly, 
that the magnitude of PTFE variation is relatively consistent based on the fixed 
variables from group 2 to group 8. Secondly, although the figure shows that the 
overall trend leans towards the fact that more PTFE in the bath equates to more 
PTFE incorporated, there are several conditions where this does not apply, 
namely in groups 10 and 11.  
It can therefore be concluded that the amount of PTFE added into the 
electroplating bath to the amount of PTFE incorporated into the deposit is 
dependent on factors other than its concentration within the bath. The data 
obtained from this study supports findings from established literature that bath 
electroplating parameters are critical in electroplating without the use of suitable 
and bath compatible surfactants [140]. It is likely that without the presence of a 
suitable surfactant during the Ag-PTFE electroplating process, the PTFE particles 
struggled to overcome the surface tension required for good adhesion and 
subsequently good electroplating quality. Furthermore, there is also the issue of 
particle transportation to the cathode surface, where in the context of these 
experiments are the electrolyte flow conditions which are in turn affected by 
agitation speed.  
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Figure 4-16 Comparison between PTFE incorporated with PTFE concentration 
in the electroplating bath 
 
Table 4-2 List of fixed variables by group  
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The quantitative comparison of element data obtained from the research with the 
electroplating bath variables initially suggests that the samples with the highest 
amounts of Ag (and inversely lowest amounts of PTFE) occur when no potassium 
nitrate is added to the bath. However, the presence of potassium nitrate has also 
contributed to the opposite extreme in the results for having the highest amount 
of PTFE on the plated surface. Due to the inconclusive data, it can, therefore, be 
concluded that potassium nitrate addition into the electroplating bath is not a 
critical factor in the Ag-PTFE electroplating process. 
 
Interaction Plots 
Quantitative elements data from the EDS analysis was used to generate 
interaction plots in Minitab 17.  Interaction plots are useful for visualising potential 
interactions between the considered factors. In this case, the other factors 
considered for the full factorial experiments include agitation speed, plating time 
and voltage. Parallel lines that exist within an interaction plot indicate no 
interaction while a greater slope indicates that there is a greater degree of 
interaction.  
Interaction plots for both silver (Ag) and fluorine (F) were generated using Minitab 
for the factors and responses considered in the full factorial experiment. 
Considering the interaction plot for silver shown in Figure 4-17, there appears to 
be an interaction between time and voltage, where the data suggests that more 
silver is detected with the increase in voltage and time. This is to be expected 
and is consistent with Faraday’s law of electrolysis, which states that increases 
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in both voltage and time will increase the coating deposit thickness, regardless of 
additives in the bath such as PTFE.  
 
Figure 4-17 Interaction plot for silver (Ag) element based on quantitative EDS 
data 
 
Based on the interaction plot for Fluorine shown in Figure 4-18, the interaction 
plots suggest that for t=300s there is an inverse relationship between applied 
voltage and PTFE incorporation. As the voltage increases the amount of Fluorine 
decreases. For t=600s, the results suggest the opposite of this and PTFE 
incorporation increases when the higher voltage is applied. To make sense of 
this, it is vital to understand that voltage directly influences the current density 
and thus nucleation rate of the conductive silver during the deposition process. It 
is possible that in the relatively short plating time of 300s, effects of nucleation 
rate and deposited silver were unfavourable for PTFE incorporation and the 
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opposite occurred at a longer plating time of 600s. In addition, there would also 
be other unmeasured changes in the resistance of both the bath and the 
substrate. Furthermore, when considering the effects of low voltage and agitation 
speed, a drop in incorporated PTFE was experienced when the speed increased. 
The opposite phenomena was observed when a higher voltage was introduced. 
The combined effects of nucleation rates and agitation speed would have also 
resulted in the differences between PTFE incorporation observed for voltage and 
speed.  
When considering the factor of PTFE content within the electroplating bath, the 
general conclusion that higher PTFE content in the bath will result in the higher 
incorporation of PTFE particles within the MMC can be drawn. The data suggests 
that this has occurred regardless of time, voltage and agitation speed. There is 
also the inference based on the data that although a relatively substantial amount 
of PTFE had been considered for the experiments, (with a minimum of 50mL/L of 
PTFE added to the bath) the saturation point of PTFE within the deposited layer 
has not been met. If the saturation point of PTFE content in the bath were met or 
exceeded, no changes would be observed to the incorporation of PTFE into the 
MMC.  
One of the variable interactions remained relatively unchanged when considering 
PTFE incorporation. The combination of changes in speed and time only 
produced marginal increases in particle incorporation. This is confirmed by 
previous studies on particle incorporation which found that increased agitation 
results in increased incorporation due to the increase in particle transfer from the 
bulk electrolyte to cathode surface [156]. This is only applicable assuming the 
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thresholds of particle incorporation have not been exceed, as otherwise particles 
would be ejected from the cathode surface before incorporation [147-148].  
It should be noted that while factors of applied time, voltage and speed play a 
vital role in particle incorporation, the results from the interaction plots cannot be 
analysed in isolation as there are other aspects to be considered for particle 
incorporation into the silver MMC. Furthermore, it should also be noted that within 
the electroplating bath, PTFE is the only component not to be replenished.  
 
 
Figure 4-18 Interaction plot for fluorine (F) element based on quantitative EDS 
data 
Although Carbon (C) was to be considered in the initial design of the experiment, 
it was not subjected to further analysis due to several reasons. Firstly, the 304 
stainless steel substrate contains carbon in trace amounts which can be picked 
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up through the EDS analysis, and this was confirmed through the elements 
analysis of an uncoated sample plate. Due to the micro-coating thickness, the 
EDS analysis X-Rays can easily penetrate the coating and reveal elements of the 
substrate. This is evident as elements from the substrate layer such as Chromium 
(Cr), Nickel (Ni) and even Iron (Fe) were picked up during the analysis. In addition 
to that, the presence of carbon in the substrate had also skewed the interaction 
plot for carbon. It is expected that the patterns exhibited by the carbon interaction 
plot to mirror that of fluorine if the detected carbon is indeed only from the coating.  
4.5.2 Experiments on the linear tribometer 
In achieving the intention of obtaining the coating performance measured through 
CoF values, the 32 sets of samples were mounted and tested on the linear 
tribometer.  
Friction coefficients were higher at the start of the tribometer run as well as during 
changes in direction. This was to be expected as the friction pin would have to 
overcome static friction before moving and thus dynamic friction would take over. 
Runs carried out on the tribometer to establish friction coefficients showed 
dynamic friction coefficients of between 0.23 and 0.51 was achievable between 
samples tested, with an average of 0.34 across all the samples. These results 
have been summarised in Figure 4-19. The best friction coefficient was obtained 
from bath reference 30, under plating parameters of PTFE 100ml/L, Plating time 
300 s, Agitation speed 200 RPM, Voltage 0.8 V with no potassium nitrate added. 
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Figure 4-19 Coefficient of friction by electroplating bath reference for Ag-PTFE 
with an average of 0.34 and range of between 0.23 and 0.51 
 
The friction data for pure silver electroplating control samples produced using the 
same succinimide process, on the other hand, resulted in friction coefficients of 
0.6. The results indicate that the Ag-PTFE MMC coating offers improved overall 
tribological performance over a pure silver electroplating. The friction coefficients 
obtained from different electroplating baths indicate the potential of reducing the 
friction coefficient by up to 62% by varying different bath parameters. It also 
suggests that optimisation of bath parameters might be able to improve the 
coating quality and tribological performance further. 
CoF values were calculated based on an average of the CoF values recorded 
upon achieving steady state. A representative graph of the CoF is shown in 
Figure 4-20. 
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Figure 4-20 Gradual decrease in CoF observed prior to reaching steady state 
 
Further analysis of the data obtained shows no correlation between amounts of 
PTFE on the surface with the friction performance of the coating. All the samples 
tested on the tribometer were not subjected to additional surface finishing prior to 
testing.  Therefore, one possible cause of this might be varying surface 
roughness obtained after electroplating, which is a potential area for future 
research. 
Both the wear track and wear pin were studied under the optical microscope after 
carrying out experiments on the linear tribometer for evidence of galling. Galling 
is likely to occur when the coating is completely removed, resulting in metal on 
metal contact. Occurrences of galling would be visible on the sample as substrate 
adhesive wear and occurrence of material transfer from the substrate to the wear 
pin would be visible.  
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The wear scar was inspected using an optical microscope after the sample was 
tested using the tribometer as shown in Figure 4-21. Most of the coating appears 
to have worn through around the areas of highest contact pressure from the 
friction pin, resulting in the appearance of the shiny stainless steel substrate 
below and leaving a visible wear scar of approximately 155µm in width. Although 
most of the coating has worn through, no visible evidence of adhesive material 
transfer exists either on the substrate or the pin countersurface in this instance. 
Subsequent phenomena of wear observed on both the test plates as well as the 
steel ball bearing used will be discussed in this chapter section. 
 
Figure 4-21 Wear scar from the tribology test based on a sample from full 
factorial experiments 
Parameters: PTFE 100ml/L, Plating time 300 s, Agitation speed 200 RPM, 
Voltage 0.5 V, Potassium nitrate 16.7 g/L 
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Wear Pin 
Surface fatigue wear was the dominant wear mechanism on the wear pin 
characterised by the formation of a pit on the pin contact area as shown in Figure 
4-22. This would initially start out as a series of cracks as a result of repeated 
sliding of a single area over the track and would then spall revealing a pit. This 
was expected as the wear pin has to undergo repeated cycles of loading and 
unloading and was overcome by the frequent inspection and rotation of the wear 
surface.  
 
Figure 4-22 Pitting and remnants of transfer film on pin 
 
Coating and Substrate 
Adhesive wear of the coating resulting in coating material transfer to the wear pin 
counter-face was observed as seen in Figure 4-23 for the coating. Although pure 
PTFE material transfer on the transfer pin is relatively hard to be observed owing 
to the low surface energy causing it to fall off easily as previously reported [159], 
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trace amounts of the coating material were observed on the counter-surface 
which was removable as shown in Figure 4-24. The material transferred onto the 
pin contact surface area would have aided in the reduction of pin resistance 
during the sliding wear experiment and thus CoF observed. The other mechanism 
of adhesive wear was observed between the substrate and wear pin shown in 
Figure 4-255. The thin coating was fully removed but the substrate oxide surface 
layer was not broken through in this instance. The areas which are out of focus 
indicate a small portion of substrate adhesive material transfer to the wear pin 
during sliding. This is the start of substrate material transfer and galling build-up.  
 
Figure 4-23 Adhesive wear observed on the coating resulting the transfer of 
material from the coating onto the counter-surface DoE 28a x50 
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Figure 4-24 Transfer film observed on pin countersurface 
 
 
Figure 4-25 DoE 21 x050 – Adhesive wear observed 
Apart from adhesive wear, the other wear mechanism relating to both the coating 
and substrate was abrasive wear. Based on the visual inspections carried out, 
abrasive wear can be grouped into two distinct types. The first type of abrasive 
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wear is due to imperfections in the substrate material as can be seen in Figure 
4-26. The thin coating deposited was not sufficient in masking substrate surface 
imperfections such as dips in the surface. As the wear pin encounters the dips, 
the wear pin removes the coating from the substrate asperities exposing a bare 
substrate. Small, hard debris that are trapped between the wear pin and its 
contacting surface result in the score marks observed. This type of abrasive wear 
is typically limited to the region of substrate imperfections.  
The second type of abrasive wear observed creates visually deep grooves in the 
substrate material. The observations made of the plates and wear pin can 
conclude that this type of abrasive wear occurs primarily due to large, hard debris 
being trapped on in between the sliding surfaces. The other instance of this 
occurrence as seen in Figure 4-27 coincides with the surface fatigue wear on the 
wear pin as previously illustrated in Figure 4-22. It is believed that hard pin 
material would have fragmented due to fatigue spall, leaving the pits observed. 
The hard material when trapped between the sliding surfaces which would then 
plough the observed grooves into the substrate.  
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Figure 4-26 DoE 001a x50 Abrasive wear due to the substrate imperfections 
 
Figure 4-27 DoE 008a x050 Abrasive wear resulting in scoring on the substrate 
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It should be noted that the theoretical deposited thickness of the coatings for the 
full factorial experiments based on Faraday’s laws of electrolysis and 
electroplating parameters range from 0.48 to 1.15 microns. This is substantially 
lower than the minimum 25 micron thickness used for hardness and wear rate 
measurements carried out by Le et. al. [154]. Variation in CoF values represent 
the ability of coatings in successfully forming a transfer film and preventing 
adhesive wear between the substrate and the pin which will ultimately result in 
galling.  
In summary, samples generated from the structured full factorial experiments 
were subjected to tribological testing on the linear tribometer. The findings 
indicated that a reduction of CoF to 0.23 was achievable when compared with 
the CoF for the pure non-cyanide silver coating, although adverse CoF results of 
0.51 were also observed. Wear and galling of the samples was studied as it could 
contribute to the variation in CoF obtained from the samples. Inspection of the 
wear scar from the tribology tests showed evidence of galling on samples where 
the coating was completely removed, which resulted in metal on metal sliding and 
thus adversely impacting the CoF. Abrasive wear was also observed on samples 
where the wear pin encountered surface fatigue, which is not unlikely if the 
coating had poor wear characteristics resulting in prolonged metal on metal 
contact. On the other hand, evidence of transfer film formation was found on the 
sliding countersurface (wear pin), which provides an explanation towards 
improved CoF performance..  
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4.5.3 Adhesion 
Adhesion tests carried out showed maximum adhesion strength of 2.5 MPa was 
achievable between the Ag-PTFE sample runs illustrated in Figure 4-27. On the 
other hand, the maximum adhesion strength for pure silver electroplating of 4.5 
MPa was achieved. The comparison of data suggests that a reduction of 
approximately 44% in maximum adhesion strength is a result of PTFE addition 
into the electroplating process. The review of electroplating bath parameters with 
electroplating adhesion performance has concluded that there is an inverse 
relation between the PTFE content in the electroplating bath with the 
electroplating adhesion performance. The higher amounts of PTFE in the 
electroplating bath which resulted in lower adhesion performance might be due 
to the lack of a suitable surfactant to ensure adhesion of PTFE particles during 
the electroplating process. 
Furthermore, the adhesion data suggests that there is no direct correlation 
between adhesion and friction coefficients in this instance. Based on the data 
obtained, it can be concluded that high adhesion strength between the surface 
coating and the substrate will not result in low frictional coefficients due to 
increased wear resistance.  
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Figure 4-28 Adhesion performance by electroplating bath reference with a 
range of between 2.5MPa and 0.2MPa 
 
4.5.4 Summary of the full factorial experiments 
The full factorial experiments were able to provide valuable insight, not just in 
terms of how each electroplating bath performed in relation to required criteria, 
but also provided insight into other areas which will affect the ultimate of the 
performance such as surface morphology and particle sizes. 
It is difficult to assess the relative importance of the considered variables on 
codeposition, and the decision matrix method had been used to enable a decision 
to be made as to which bath parameter would be considered for further study and 
development based on the output of coating performance. The highest decision 
matrix score was reserved for CoF performances of <0.25, >10 wt% Fluorine for 
particle incorporation, >1.5MPa for adhesion strength and for no observed galling. 
The full scoring for each key criteria by output range is detailed in Appendix 2.  
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The key criteria of the full factorial experiments and its associated scoring for 
each criterion by full factorial experiment reference are tabulated in Table 4-3. 
Alongside the best performance, reserve developmental baths and the lowest 
performing coating was identified. The best overall performing coating would be 
developed further. The baths highlighted as reserve would be used as potential 
future consideration while the weakest overall coating would also be studied in 
detail to understand the possible reasons for its overall weak performance.  
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Table 4-3 Key criteria of the full factorial experiments and its associated scoring 
 
 (Note: The green highlighted cell indicates highest overall tier score, orange 
highlighted cells indicate potential future considerations for development and 
red highlighted cell indicate lowest overall score) 
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Important lessons were learned during the course of carrying out the full factorial 
electroplating experiments and highlighted several key opportunities for 
improvement in methods for future experiments. One key lesson was in relation 
to the constant potential method used. The surface morphology observations 
drew attention to how the current density fluctuations affected the sizes of the 
deposited particles. A constant current density would allow adequate control of 
deposit quality. Having a constant current density would also be beneficial for the 
future development of the coating. The full factorial experiments were carried out 
on test plates of the same geometry; however, the coating would have to be 
ultimately electroplated onto a nut which had a more complex geometry and 
hence replication of the Ag-PTFE onto the nut would be easier with a constant 
current density and potential allowed to fluctuate.  
In summary, samples were electroplated using the full factorial method for 
determining the effects of identified variables towards the deposit characteristics. 
Although the best CoF achieved through this process is 0.23, there is still scope 
for further improvement of this through improving the friction and wear properties 
by increased incorporation of PTFE particles. 
 
4.6 Summary of the chapter 
This chapter reports on the results obtained from the initial coating development. 
After a uniform silver deposit was successfully obtained from the succinimide 
non-cyanide silver electroplating bath, trials were carried out using voltages of 
0.5V, 0.8V and 1.0V. Similar visual characteristics between 0.5V and 0.8V were 
observed, except for 1.0V which resulted in an uneven deposit. Testing of the 
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pure silver coating deposited at 0.5V and 0.8V using the linear tribometer showed 
improved CoF of 0.3 over an uncoated substrate of 0.6. Analysis of PTFE 
incorporation was carried out through EDS analysis of fluorine. This showed that 
only 4wt% fluorine was incorporated even with a substantial amount of 100mL/L 
PTFE in the electroplating bath which suggested the investigation of other factors 
affecting particle incorporation, with a marginal CoF improvement of 0.29. The 
subsequent investigation of substrate roughness effects on PTFE incorporation 
found that the reduction of substrate surface roughness resulted in decreased 
PTFE incorporation and higher CoF results. Two level full factorial experiments 
were subsequently carried out to study the interactions of variables such as 
voltage, time, agitation speed, KNO3, PTFE concentration on the coating 
properties. The summary of findings are that tarnished and bright samples were 
able to be created by varying bath conditions. In addition, the variation of bath 
conditions resulted in the visual observation of varying deposit roughness, which 
ultimately affects the tribological performance of the coating. It was also noted 
that PTFE incorporation in the MMC is not just dependent on its concentrations 
in the bath and that good adhesion of the coating onto the substrate does not 
result in good tribological performance. The conditions of 0.8V, 200 RPM 
agitation speed, 300s plating time, no potassium nitrate included and 100mL/L of 
PTFE in the bath will form the basis for further development as it managed to 
result in a rough deposit with improved CoF properties of 0.23.  
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Chapter 5 Coating Refinement 
 
5.1 Introduction 
The full factorial experiments highlighted several key areas requiring further 
investigation. One of which was the adhesion of the Ag-PTFE coating to the 
substrate. It has been found that the adhesion of coatings to a substrate is closely 
interrelated with its wear resistance [160]. The developed coating should exhibit 
a low CoF and ideally be able to resist wear to prolong the lifespan of the coating.  
The coating formulation selected from the full factorial experiments for further 
development as discussed in the previous chapter was used. To improve its 
adhesion, the use of strikes, as well as pulse plating, were be considered. Strikes 
based on three materials were considered, namely silver, copper, and nickel. 
These metals were chosen for its compatibility with both the stainless steel 
substrate as well as the silver plating. The strike material would firstly be 
deposited directly onto the substrate and after a thorough rinsing process, the 
Ag-PTFE would be deposited. Deposition of the main Ag-PTFE coating would be 
carried out using PCP. This can be carried out using a variety of different 
parameters. Trial and error to obtain suitable PCP frequency parameters were 
carried out through the study of its surface morphology. The frequencies 
Self-lubricating non-cyanide silver-polytetrafluoroethylene composite coating for threaded 
compression fittings  © R.Sieh (2016) 
 
147 
 
considered were PCP F=2Hz, F=5Hz, F=10Hz and F=100Hz. Chen et al. 
reported that the microstructure of MMC coatings largely dictating its wear 
resistance [161]. Shanthi et al. on the other hand reported the observation that 
high current efficiencies were obtained for F=10Hz while hard deposits were 
obtained for F=100Hz [144]. High current efficiencies or hardened deposits 
coupled with the other PCP benefits would be beneficial to the tribological 
properties of a coating. On the other hand, neither authors justified their choice 
in starting their investigations at a minimum of F=10Hz and thus PCP frequencies 
of F=2Hz and F=5Hz were also considered in this research.  
Fractals and electrodeposition defects 
Fractals are defined as patterns which are repetitive on all levels in a deposit 
structure which can be dendritic and possess no practical value apart from the 
study of metal microstructures in the field of material sciences [162]. In the 
context of this project, the dendritic surface morphology of the deposit which is of 
detriment towards its tribological properties is considered to be defects. The 
formation of these electrodeposition defects are due to pulse current 
electroplating parameters. It has been found to occur through nanowire self-
assembly, where initial nanowire formation forms the base for its continued 
growth when electroplating is continued [163]. Figure 5-1 shows fractals 
exhibiting a dendritic, tree-like structure extending from the surface of the 
substrate. This structure exhibited low performance in supporting external 
stresses from the tribometer and wore out rapidly. Frequencies resulting in 
fractals, namely F=2Hz and F=5Hz were subseqeuntly excluded from further 
investigation. 
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Figure 5-1 Dendritic deposits observed using PCP F=5Hz 
Results 
The PCP frequencies of F=5Hz and F=10Hz were excluded from further 
investigation after visual inspection of its surface morphology showed fractal 
deposit structures which were detrimental to the tribological performance of the 
coating. The study of strikes and pulse plating effects were focused on 
rectangular pulse plating frequencies of F=10Hz and F=100Hz with a duty cycle 
of 50% as deemed suitable from the trial and error method. The exponential 
increase in frequency tested will highlight notable differences between the 
deposited MMC.  
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Table 5-1 Summary of results obtained from the PED tests  
Reference 
Ag-PTFE 
Plating 
Frequency 
Base strike Measured CoF 
Adhesion 
(MPa) 
1 F=100Hz 
Ag 
0.5 1.09 
2 F=10Hz 0.5 1.02 
3 F=100Hz 
Cu 
0.45 0.87 
4 F=10Hz 0.38 0.84 
5 F=100Hz 
Ni 
0.45 0.81 
6 F=10Hz 0.60 0.83 
7 F=100Hz 
None 
0.80 0.72 
8 F=10Hz 0.20 0.75 
 
The summary of results obtained from the experiments is seen in  
 
Table 5-1 Summary of results obtained from the PED tests. The metals used for 
the strikes in ascending order of hardness are silver, copper, and nickel. As a 
benchmark, the dry sliding of uncoated stainless steel plates registered a CoF of 
0.6.  
Based on the overall results, the use of strikes and pulse plating helped to 
increase the adhesion strength between the substrate and the coating with 
varying degrees of success. The Ag-PTFE deposited on a silver strike exhibited 
the best adhesion performance, however as previously observed in the full 
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factorial experiments, this comes at the expense of the CoF performance. The 
adhesion performance for copper and nickel on the other hand, only marginally 
exceed that of the coating deposited using pulse plating. Although the Ag-PTFE 
coating was deposited using the same parameters, the CoF performance varied 
significantly between frequency and strike pairs.  
The reason for the variation in CoF performance can firstly be explained through 
pulse plating parameters. Pulse plating enables the deposition of smoother; finer 
grained deposits observed through surface morphology of the coating. As Chen 
et. al. pointed out, the microstructure of pulse plated composite coatings will 
largely dictate its wear resistance [161]. Wear resistance is also aided with thicker 
coatings and harder deposits. Shanthi et al. found that high current efficiencies 
and hard deposits were possible for silver pulse plated at F=10Hz and F=100Hz 
respectively [144].  
As the Ag-PTFE coating exists as a thin soft film, this wears out relatively quickly, 
and formation of a transfer film on the counter surface occurs along with exposure 
of the strike layer. The CoF results for F=100Hz have shown that the strikes 
prevent the direct adhesive contact between the wear pin and substrate; however, 
once the Ag-PTFE layer has been worn out, the CoF shows gradual increases 
due to coating failure. Ag-PTFE coating failure results in the wear pin contacting 
the strike surface and the strike material forms a composite transfer layer with 
transfer layer remnants from the Ag-PTFE coating; however, it does not result in 
prolonged direct strike material to steel contact as this will result in higher CoF.  
To understand the high CoF value of the Ag-PTFE coating with no strike, current 
efficiencies for PCP are typically around 60% whereas DCP current efficiencies 
Self-lubricating non-cyanide silver-polytetrafluoroethylene composite coating for threaded 
compression fittings  © R.Sieh (2016) 
 
151 
 
are in excess of 90%. This results in reduced deposit thickness. Once the coating 
breaks down, the sliding of the wear pin will be in the form of sticking and slipping, 
therefore exhibiting a higher overall CoF. This phenomenon of sticking and 
slipping can also be used to explain the higher overall CoF observed for the Ag-
PTFE coating within these experiments.  
Lower CoF values were observed for F=10Hz coatings in general. The lowest 
CoF value of 0.2 was achieved without a strike. It is believed that the F=10Hz 
with no strike has managed to achieve a lower CoF value due to the structure of 
the deposit itself, where small globules merge to form a large “super-particle.” 
The formation of the spherical Ag-PTFE super-particle has benefits in terms of 
CoF. As the wear pin slides across the super-particle, a small amount of coating 
is removed on the top, forming a transfer layer on the counter surface but the 
coating remains intact. In essence, it achieves better frictional performance by 
mimicking a thicker coating and acts as a lubrication reservoir. The use of PCP 
also ensures that these particles are dense in nature, and this also reduces wear. 
On the other hand, super-particle formation did not occur with the samples where 
a strike layer had been deposited as seen in Figure 5-2 for both a copper and 
nickel strike base. Instead, it has been observed that the Ag-PTFE would prefer 
to adhere directly to the strike material rather than form a super-particle, causing 
uneven, agglomerated areas of coating. Because of this, the lubricating PTFE is 
not replenished in an area once it has been worn off.  
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(a) 
 
(b) 
 
Figure 5-2 Surface morphology of the Ag-PTFE deposit using PCP with (a)  
F=10Hz on a copper strike base and (b) F=100Hz on a nickel strike base 
observed at x5,000 magnification 
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In summary, the experiments have shown that different deposit structures such 
as fractals, particle agglomeration on base strike metals and even super particles 
can be created through PCP and strikes. PCP at F=100Hz with a 50% duty cycle 
had resulted in small deposit grains which were unable to facilitate improved 
tribological performance while the surface morphology of PCP at F=10Hz with a 
50% duty cycle had resulted in the formation of agglomerated smaller particles 
into a larger spherical particle that aids in improving tribological properties. 
Furthermore, consistent with the findings from the full factorial experiment, the 
increased adhesion strength of the coating to the substrate does not directly 
translate into better CoF performance.  
5.2 Effects of surfactant addition and pulse plating 
The previous section had identified the use of PCP at F=10Hz without the use of 
a strike for further development in achieving the project objectives. The next step 
of the process is to study the effects of FC-4 surfactant addition in the dispersion 
of PTFE particles in conjunction with the use of pulse plating. The use of a cationic 
FC-4 surfactant is to ensure better dispersion of the PTFE particles while its 
cationic properties will increase the migration of the dispersed particles to the 
cathode due to the charge given.  
5.2.1 Surface morphology 
An initial study was carried out to understand the suitability of using the FC-4 
surfactant in the electroplating bath. The surface morphology inspection using 
SEM in Figure 5-3 showed that a uniform Ag-PTFE deposit was possible with 
varying particle sizes which covered the surface of the substrate. Large particles 
in the order greater than 1.5 micrometres were observed; however, an inspection 
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carried out at high magnification as seen in Figure 5-4 showed that these large 
particles were in fact comprised of agglomerated nanoparticles (<100nm). Figure 
5-5, on the other hand, highlights the drawback in the use of surfactants, where 
the surfactant is deposited as part of the coating as well. 
 
Figure 5-3 Initial surface morphology inspection of the deposit obtained through 
FC-4 addition in the electroplating bath taken at x5,000 magnification 
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Figure 5-4 Nanoparticles (<100nm) observed from the MMC through the use of 
the FC-4 anionic surfactant 
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Figure 5-5 Surface morphology of sample where FC-4 is deposited alongside 
the main deposit 
The next step is to identify an optimal surfactant to PTFE ratio for use in the 
electroplating bath. This was carried out using a systematic process of studying 
the differences in surfactant to PTFE ratio as well as its impact on deposits 
obtained through the use of either DCP or PCP. The three ratios of FC-4 to PTFE 
considered were 1:1, 1.5:1 and 2:1.    
SEM analysis of the DCP samples with FC-4: PTFE ratios of 1:1, 1.5:1 and 2:1 
at x1,000 magnification have notably different overall surface morphologies. For 
the 1:1 ratio sample, the plated layer primarily covers the surface of grains while 
having the grain boundaries clearly exposed. This is quite similar to the 2:1 ratio 
sample; however, with the 2:1 ratio sample, the plated layer is much more 
densely packed. The 1.5:1 ratio plating on the other hand visually resembles 
spluttering, with the coating not clearly conforming to the grains of the substrate.  
On the other hand, visual comparison of the PCP samples at x1,000 
magnification show similarities between the surface morphology of the plated 
samples at FC-4:PTFE ratios of 1:1 and 1.5:1; the major visual differences 
between these two samples however, lie in the coating density, where the plating 
at 1.5:1 being more densely packed. Meanwhile, the 2:1 ratio PCP sample is 
coated primarily on the surface of the grains, with the grain boundaries 
experiencing limited coverage and being clearly visible. The SEM images for both 
DCP and PCP samples are shown in Figure 5-6. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 5-6 SEM micrography at x1,000 magnification (a) DCP with FC-4: PTFE ratio 1:1 (b) PCP with FC-4: PTFE ratio 1:1 (c) DCP with 
FC-4: PTFE ratio 1.5:1 (d) PCP with FC-4: PTFE ratio 1.5:1 (e) DCP with FC-4: PTFE ratio 2:1 (f) PCP with FC-4: PTFE ratio 2:1 
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To better understand the differences between DCP and PCP at the different FC-
4 to PTFE ratios, the deposited particles were also analysed at x30,000 
magnification as shown in Figure 5-7, with Figure 5-7(b) highlighting the PTFE 
and pure Ag particles. For all of the DCP samples, average plated particle sizes 
were approximately 100nm, with bright particles visible of <50nm. The 1:1 ratio 
DCP sample had noticeably lower amounts of the bright (white) particles. With 
the 1.5:1 and 2:1 ratio DCP samples, the nanoparticles were fused together to 
create a larger spherical particle of approximately 1µm in size. On the other hand, 
although the fusion of nanoparticles occurred on the 1:1 ratio DCP sample, they 
did not form the larger spherical cauliflower like particles as observed with the 
other samples.  
Observation of the PCP samples at x30,000 magnification noted average particle 
sizes of approximately 100nm across all samples which were similar to that of the 
DCP samples. The bright particles were clearly visible on samples with FC-4: 
PTFE ratios of 1.5:1 and 2:1, with the 2:1 ratio sample having the highest 
concentration of these nanoparticles. The formation of fused larger particles was 
also apparent for the PCP samples. The fused particle size for 1:1 and 1.5:1 PCP 
samples were not dissimilar to that observed with the DCP ones, with a particle 
size of approximately 1µm. On the other hand, although the fusion of particles 
occurred on the 2:1 PCP sample, these were of average sizes of approximately 
300nm and the fusion of larger particles created a uniform coating over the grain 
of the substrate.  
EDS was carried out using area analysis mode over three randomly selected sites 
at x1000 magnification with averaged values used. Weight % and atomic % data 
obtained from EDS was normalised to provide the appropriate values for 
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quantitatively identifying the plated deposits of silver (Ag) as well as PTFE 
through its chemical composition of carbon (C) and fluorine (F) elements. For the 
EDS analysis, as silver is denser than fluorine, atomic % is favoured for use in 
this paper to provide a more accurate representation of the elemental 
composition of the plating. Although both C and F elements are present for PTFE, 
F will be used for determining PTFE presence as carbon is also present in the 
substrate layer. The EDS was able to find silver, carbon and fluorine elements on 
all the samples, suggesting successful incorporation of PTFE into the MMC 
during its deposition on the substrate. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 5-7 SEM micrograph of deposited particles at x30,000 magnification. The brighter tiny particles are identified as pure silver 
nanoparticles with the globules being Ag-PTFE (a) DCP with FC-4: PTFE ratio 1:1 (b) PCP with FC-4: PTFE ratio 1:1 (c) DCP with FC-4: 
PTFE ratio 1.5:1 (d) PCP with FC-4: PTFE ratio 1.5:1 (e) DCP with FC-4: PTFE ratio 2:1 (f) PCP with FC-4: PTFE ratio 2:1
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5.2.2 Tribology 
Tribological data in the form of friction coefficients (CoF) from each of the DCP 
and PCP samples was obtained over 30 cycles from 3 randomly selected sites 
(10 cycles per site). The CoF shown in Figure 5-8 was obtained by averaging the 
mean CoF values across the three sites. Based on this, there is a downward trend 
for the CoF values with increasing FC-4: PTFE ratio, with a range of between 
0.07 and 0.12. For PCP samples, there is an upward trend for the CoF values, 
with a range of between 0.06 and 0.09. In comparing both DCP and PCP samples, 
the DCP 1:1 ratio sample has the highest CoF value at 0.12 while the PCP 1:1 
ratio sample has the lowest CoF value at 0.06.  
  
Figure 5-8 Mean coefficient of friction (CoF) for the DCP and PCP samples by 
FC-4:PTFE ratio 
 
SEM was used to overcome the physical limitations of optical microscopy when 
it came to better understanding the tribological behaviour of the samples. The 
wear track observed can be categorised into three main zones as indicated in 
Figure 5-9. Zone 1 is where contact pressures are at its highest. This zone is 
where the thin coating is expected to completely wear out and fail. Adhesive wear 
between substrate and wear pin will also occur here through the failure of the 
coating to provide an adequate layer between the wear pin surface and the 
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substrate. Furthermore, adhesion of these surfaces results in sticking and 
slipping between sliding surfaces, and once the coating has been worn off, the 
pin would slide against the hard substrate, giving rise to surface fatigue wear of 
the wear pin. Hard particles liberated from the surface fatigue of the wear pin that 
are trapped between the sliding surfaces would then result in abrasive wear 
patterns. The occurrence of stick and slip conditions will register as increases in 
CoF while abrasive wear can be visually observed on the substrate. Figure 5-9 
for the PCP FC-4: PTFE ratio of 2:1 sample shows Zone 1 to be completely 
devoid of coating, with a breakthrough of the substrate surface layer. The uneven 
surface because of the change in plastic behaviour of the substrate material is 
evidence of galling due to poor lubrication. This phenomenon was also observed 
on the DCP FC-4: PTFE ratio of 1:1 sample. In contrast, the other 4 samples had 
retained their coating in Zone 1, with the Zone 1 wear track for PCP with FC-4: 
PTFE ratio 1:1 shown in Figure 5-10.  
Zone 2, on the other hand, is the wear track “border” between the highest contact 
stresses and the untested coating in Zone 3. This zone is where relatively lower 
contact stresses were imparted onto the coating during testing and can be 
subsequently subjected to visual analysis using the SEM to better understand the 
performance of each coating.  
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Figure 5-9 Wear track showing the three distinct zones of wear due to contact 
pressure differences for PCP with FC-4: PTFE ratio 2:1 
 
Figure 5-10 Zone 1 wear track for PCP with FC-4: PTFE ratio 1:1 showing 
retained coating  
 
The different zones can be better illustrated using contact mechanics in Figure 
5-11. Assuming a force, F is imparted on the pin in the z-axis direction, the 
maximum contact pressure will occur in the centre of the pin in the x-y axis, 
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denoted as Zone 1. The force exerted by the pin will subsequently cause a 
deformation, d on both the coating and the substrate, with the magnitude of 
deformation depending on factors such as relative hardness of the materials as 
well as magnitude of force imparted. The deformation also causes a greater 
surface area to be in contact with the spherical pin denoted as Zone 2, but the 
contact pressure in these areas are lower in magnitude.  
 
Figure 5-11 Illustration of contact mechanics for the tribometer experiment 
  
Figure 5-12 shows SEM micrography of Zone 2, the wear track borders of both 
DCP and PCP samples at x4,500 magnification. It appears that most of the 
coating from the DCP 1:1 sample was removed from the substrate with evidence 
of galling occurring, which also coincides with it having the worst CoF among the 
samples considered. Galling has occurred due to the combination of adhesive 
and frictional forces between the sliding stainless steel surfaces with insufficient 
lubrication. The tearing of substrate crystal structure resulted in material transfer 
from the sample to the pin and increase in the CoF value.  
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Consideration for the hardness of the coating has to be taken as it plays a pivotal 
role in the friction and wear mechanism. Lower wear is typically associated with 
harder coatings, and it should be noted that both silver and PTFE fall into the 
category of soft coatings, where low friction applications are required. With this in 
consideration, PTFE has a hardness of between 5.9 – 6.5 HV, whereas the Hv of 
pure silver is around 5 to 6 times that of PTFE. Data obtained from EDS analysis 
shows a trend of higher silver amounts (and thus harder coatings) being more 
resistant to wear when comparing across the same electrodeposition method 
used. It is also important to note that as the wear increases, so does the contact 
area. Although all of the deposited coatings exhibit desirable CoF performances, 
the combination of Ag-PTFE shown in Figure 6-10(b) deposited using PCP 
possesses the best combination of being sufficiently hard in resisting wear while 
the incorporated PTFE particles provide added lubricity. The wear resistance had 
resulted in a relatively consistent contact area throughout the experiment. On the 
other hand, the coatings which have contained the largest amount of embedded 
PTFE particles had shown the worst wear resistance. Even though relatively large 
amounts of PTFE were contained in the layer, the PTFE would have been drawn 
from the bulk by the counter-surface in equally large amounts, resulting in its rapid 
depletion through wear. This is evident in Figure 6-10(f) for PCP and Figure 6-
10(a) for DCP, which had exhibited the worst CoF performance among deposition 
methods.
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(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 5-12 SEM micrography Wear track borders taken at x4,500 magnification (a) DCP with FC-4: PTFE ratio 1:1 (b) PCP with FC-4: 
PTFE ratio 1:1 (c) DCP with FC-4: PTFE ratio 1.5:1 (d) PCP with FC-4: PTFE ratio 1.5:1 (e) DCP with FC-4: PTFE ratio 2:1 (f) PCP with 
FC-4: PTFE ratio 2:1 
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5.3 Summary of the chapter 
Methods detailed in Chapter 4 were subsequently used to carry out experiments 
reported in this chapter. The initial trial and error methods were used to determine 
rough bath parameters capable of depositing a silver coating of acceptable quality. 
This was then followed by further development of the coating through attempts at 
incorporating PTFE to create a Ag-PTFE MMC. Low particle incorporation within 
the MMC triggered studies into the effects of substrate surface roughness in 
particle incorporation which was important and relevant as it would be used to 
inform subsequent experiments and investigations. After initial parameters had 
been narrowed down, a systematic full factorial experiment was used to identify 
the effects of 5 variables (agitation speed, voltage, potassium nitrate presence, 
PTFE content and plating time) towards the deposited coating as well as its 
characteristics in particle incorporation, adhesion, friction, and wear. A weighted 
decision matrix was then used to identify electroplating bath parameters which 
would be used for subsequent development. Following the full factorial 
experiment, experiments were carried out to study the effects of strikes and pulse 
plating on particle incorporation, adhesion and tribological properties. This saw 
benefits in providing a gradual improvement to the CoF performance of the 
coating, but not particle incorporation. As a measure to improve PTFE particle 
incorporation, a study was carried out to understand the outcomes through use 
of a cationic FC-4 surfactant. A systematic approach was also taken to identify 
the appropriate FC-4 to PTFE ratios through the use of both DCP and PCP.  
The main aim of this project is to develop a self-lubricating coating which is 
quantifiable not just through the significant presence of lubrication particles, but 
also its CoF performance on a linear tribometer. The experimental findings in this 
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chapter can therefore conclude that the quantity of incorporated PTFE particles 
with the Ag-PTFE MMC does not directly influence its tribological performance. 
Furthermore, although wear resistance of the coating was beneficial in keeping 
the coating intact over the wear cycles imposed, it did not result in significant 
tribological benefits observed through experiments carried out. This suggests that 
a compromise has to be made between coating wear and CoF performance 
depending on the intended coating application. The coating formulation exhibiting 
the best CoF will be used for testing in the next chapter to assess its viability in 
being used for threaded compression fitting nuts.  
The key findings from this chapter are firstly, out of the frequencies trialled, PCP 
frequencies of F=2Hz and F=5Hz resulted in dendritic coating defects being 
deposited. PCP frequencies of F=10Hz and F=100Hz were subsequently trialled 
alongside the use of silver, nickel and copper strikes. The experiments found that 
there was no tribological benefit to the use of strikes in combination with PCP due 
to the adhesion preference of the Ag-PTFE deposit towards the strike metal as 
opposed to the substrate. In contrast, the best CoF performance of 0.2 was 
obtained for PCP without a strike at F=10Hz. Further refinement of the coating 
using varying ratios of the FC-4 surfactant to PTFE were investigated, alongside 
the use of DCP and PCP. A high FC-4 to PTFE ratio of 2:1 improved the CoF to 
0.12 using DCP while the inverse was observed for PCP, where an FC-4 to PTFE 
ratio of 1:1 resulted in a CoF of 0.06. The low CoF coincided with observations 
made on the SEM of the Ag-PTFE coating still being intact within areas of highest 
contact stresses.  
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Chapter 6 Coating assessment for threaded compression 
fittings  
 
6.1 Introduction 
A suitable coating was selected to be plated onto nuts based on performance 
results from previous developmental processes. The nuts which were to be used 
in the make-up experiment of the threaded compression fittings were subjected 
to thorough cleaning and degreasing based on the procedures detailed in 
Chapter 3. The outer surfaces of the nut were masked using a non-conductive 
paint, and the same electroplating process was followed based on surface area 
data obtained from a CAD drawing of the nut. Three different nut sets were tested. 
The Ag-PTFE coating would be tested alongside a pure Ag coating deposited 
using the non-cyanide bath and DCP. Although the main aim of this study is 
focused on non-cyanide silver plating, it is beneficial also to include a commercial 
silver cyanide plated coating to put the results obtained into context.  
6.2 Torque-angle curve 
Torque experiments were carried out based on the setup discussed in the 
previous section in an attempt to understand the performance of each coating 
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during the make-up process. The tightening of the nut required is 1.25 turns as 
recommended by the manufacturer and data was continually recorded across the 
1.25 turns (450°) rotation range to be used for further analysis based on the 
torque-angle signature method.  
This method is commonly used to characterise the fastener installation process 
and is proposed to characterise the compression fitting installation process. 
There are several notable key differences between the fastener and compression 
fitting installation process as recommended by manufacturers. Firstly, threaded 
fasteners require a rundown zone which is also called the prevailing torque zone. 
On the other hand, the assembly process of threaded compression fittings has 
already achieved this through “finger tightening” of the nut as recommended by 
manufacturers. Secondly, although the make-up of compression fittings also 
experience snugging alignment where the components and contact surfaces are 
either drawn into alignment or a stable situation similar to threaded fasteners, the 
magnitude of forces required is likely to be relatively low and would have occurred 
during finger tightening. This means that both the prevailing torque as well as the 
nonlinear snugging area of the curve which is a complex function of the drawing 
together the mating parts and ensuring a snug fit of the system will not show on 
the torque angle curve for threaded compression fitting make up. The third zone 
is where elastic clamping occurs for fasteners and where swaging occurs for 
compression fittings. The is where the torque angle curve for threaded 
compression fittings start. Finally, the components in the compression fitting 
system will not “yield” under normal circumstances and as such the fourth zone 
will be primarily applicable to threaded fasteners where the yield point of the joint, 
gasket, threads or clamped components has been exceeded. The torque angle 
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curve for attempt 1 of the commercial cyanide silver nut is illustrated in Figure 6-
1 below.  
 
Figure 6-1 Torque angle curve for nut 1 attempt 1 of the commercial cyanide 
silver nut 
 
The maximum magnitude of torque for each coating has been presented in a 
graphical format in Figure 6-2. Manufacturers of threaded compression fittings do 
not stipulate a torque target or specification to be achieved during make-up and 
thus the commercial cyanide silver coating serves to provide a comparison. 
Comparing the coatings based on each attempt, the commercial cyanide silver 
plated coating exhibited consistently lower maximum tightening torque values 
when compared to the non-cyanide Ag and Ag-PTFE coatings. Although being 
useful in providing the maximum torque achieved during make-up for fasteners, 
the torque-angle technique does not provide adequate information about each 
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coating performed for an informed comparison and analysis to be made. 
Considering this, the torque-angle slope was subjected to detailed analysis.  
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(a) 
 
(b) 
 
(c) 
 
Figure 6-2 Maximum magnitudes of torque in Nm recorded during the make-up 
process for each coating (a) Commercial cyanide Ag (b) Non-cyanide Ag 
coating (c) Non-cyanide Ag-PTFE coating 
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Torque-angle slope 
The torque-angle slope from the make-up process was considered to better 
understand the performance characteristics of the coatings. This slope is 
calculated using the torque over angle and is broken down into ten rotation 
ranges from the continuous torque and angle measurements. Each range covers 
45 degrees of rotation for the slope to be calculated. This in turn provides the 
average force in Nm per angle for each rotation range. The coating torque-angle 
slopes are grouped by attempts for the coatings considered in Figure 6-3. The 
performance characteristics of each coating will be discussed in greater detail in 
the following sections.  
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Figure 6-3 Torque-angle slope by grouped by attempts for the commercial 
cyanide silver, non-cyanide silver and non-cyanide Ag-PTFE coatings 
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6.3 Commercial cyanide Ag coating performance 
The performance exhibited during the first make-up attempt showed that the 
average torque peaked between 45-90 degrees of rotation before exhibiting a 
downward trend in torque per angle. This downward trend was present on the 
first and second make-up attempts, but the magnitude of the downward trend 
gradually decreased. The following three make-up attempts then exhibited an 
upward trend that is increasing in magnitude shown in Figure 6-4. 
 
 
Figure 6-4 Torque-angle curve for the cyanide silver coated nut 
 
The post testing inspection revealed traces of a transfer film between thread 
contact areas which would have aided in the lubrication during the make-up 
process. Visual inspection of the coating also indicated that the first few threads 
of the coated nut experienced heavy wear which is typical of threaded parts. The 
underside of the nut which is in contact with the back ferrule also experienced 
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heavy wear. Wear induced during the first make-up attempt had resulted in 
coating performance reduction for the following make-up attempts. This is evident 
from the sudden peak in torque required during attempt 2, where the coating 
started to experience failure through sticking and slipping. Peaks were also 
observed in later attempts which suggest the gradual onset of wear towards the 
coating. The ability of the coating to create a transfer film which was providing 
lubrication between the contact surfaces would have also been impaired. Spread 
and distribution analysis of the torque measurements suggest the increase in 
wear of the coating under the high operational stresses which have resulted in its 
impairment in providing adequate solid lubrication after consequent make-up 
processes; however, as seen in Figure 6-3 it had still managed to maintain a 
relatively stable performance when compared with attempts against the other 
coatings considered.  
6.4 Non-cyanide pure Ag coating performance 
For the non-cyanide pure Ag coating, the consistent higher overall slope average 
relative to the other coatings in Figure 6-3 suggests that higher friction is inherent 
in the system. Although post testing visual inspection revealed traces of transfer 
film on the contact surfaces, it was less apparent as opposed to the commercial 
cyanide Ag coating. Examination of the maximum torque values achieved during 
each make-up process reveals that the coating had consistently achieved the 
highest torque among the other coatings. This is further supported by the torque-
angle slope analysis, where the non-cyanide Ag coating required the highest 
average torque per angle to make-up. Furthermore, the coating had behaved 
erratically and relatively unpredictably as seen in Figure 6-5 comparing the results 
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of make-up attempts. This is a relatively clear indication of coating failure through 
repeated sticking and slipping of the contact surfaces during the make-up process.   
 
 
Figure 6-5 Torque-angle curve for the non-cyanide pure silver coated nut 
 
6.5 Non-cyanide Ag-PTFE coating performance 
The non-cyanide Ag-PTFE coating managed to exhibit a more consistent 
performance over its non-cyanide Ag counterpart; however, its performance was 
still generally below that of the commercial cyanide Ag coating seen in Figure 6-3. 
Based on the maximum torque observed during the make-up process, the non-
cyanide Ag-PTFE coating required on average approximately 8Nm more input 
torque. Post make-up visual inspection showed small trace amounts of transfer 
film in relation to the other coatings considered. This is a common phenomenon 
with PTFE due to its low surface tension. When compared across attempts as 
shown in Figure 6-6, the fluctuating torque values registered are an indication of 
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coating wear through repeated stick and slip occurrences. In the context of 
comparing this with the pure silver non-cyanide coating, the average torque 
values for the Ag-PTFE coating are consistently lower, signifying that the PTFE 
embedded in electroplated silver contributes to providing superior tribological 
properties.  
 
Figure 6-6 Torque-angle curve for the non-cyanide Ag-PTFE coated nut 
 
6.6 Discussion  
Gansheimer noted that it is difficult to lubricate threads due to badly machined 
surfaces and high pressures with low sliding speed [68]. This is where solid 
lubricants are able to perform where liquid lubrication fails, and it is thus of great 
importance that the electroplated coatings are able to carry out its intended 
function. The discussion will thus be focused on both the issues faced by the 
electroplated coatings as well as the performance of coatings tested.  
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Current distribution – Threaded sections 
The first aspect when considering the tribological performance of a complex 
geometry is current distribution. This can be obtained by dividing the current with 
the apparent area. The behaviour of current is that it has a tendency to 
concentrate at edges and points, with a preference to flow readily to parts closer 
to the opposing electrode than to distant parts. Because of this phenomenon, the 
current density across a complex geometry is not uniform and thus the thickness 
of an electroplated deposit will not be uniform over complex surfaces as it is 
based on current density. This variation in coating thickness is illustrated in Figure 
6-7, observed from a cutaway nut section.  
 
Figure 6-7 Variation in coating thicknesses observed from the nut under-head 
as a result of current distribution 
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Coating thicknesses 
Variation in coating thickness that exists as a result of plating design can 
ultimately lead to differences in make-up torque values, especially when a soft 
coating is considered. This can be used to explain the overall differences in 
average torque values for the commercial cyanide and the non-cyanide silver and 
Ag-PTFE coatings.  
Coating thickness measurements were carried out through SEM after cutting and 
polishing a section of the nut which was mounted in resin. As expected, variations 
were observed in coating thicknesses not only on the threads but also on the nut 
under-head for all the nuts. This has the potential to affect commercial application 
of the nut through reduced wear resistance, especially in areas where the coating 
is thinner. The measured coating thickness for the commercial cyanide silver is 
15 microns. This is as opposed to the design thickness for the non-cyanide silver 
and Ag-PTFE coatings tested. For the non-cyanide silver coating, a theoretical 
coating thickness of 3.83 microns was set. A theoretical coating thickness of 2.3 
microns for the Ag-PTFE was set based on the assumption of 60% current 
efficiency. The measured coating thicknesses for the non-cyanide silver and Ag-
PTFE were approximately 3.3 microns and 2.1 microns respectively.  
This can be used to explain why the commercial cyanide silver coating has 
managed to perform consistently better as it is approximately five to seven times 
as thick as its non-cyanide counterparts tested during the experiment. When 
viewed from a different perspective, it can be said that the non-cyanide Ag-PTFE 
coating managed to keep up with the performance of a coating which was 
substantially thicker.  
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Linear tribometer vs. torque test 
There are key differences in the experiments for obtaining CoF from the linear 
tribometer and the tribological performance observed of the same coating in a 
nut. Firstly, there is a difference in temperature of the coating as a result of the 
sliding process. On the linear tribometer, the sliding process occurs in an open 
environment. The pin is only in contact with one area for a short period. As the 
pin slides across the surface of the coating, heat generated on the coating is 
dissipated after the pin passes. Furthermore, the heat generated on the pin 
surface is transferred through conduction when it comes into contact with a new 
surface area. On the other hand, when the compression fitting is assembled, the 
coating on the nut under head will experience constant sliding contact throughout 
the whole range of rotation, without any opportunity to dissipate any heat 
generated. Secondly, on considering specific material properties, PTFE is not 
good at dissipating heat, and its tribological performance is affected by 
temperature. This is a material trait which puts it at a disadvantage when 
compared to silver which is a very good thermal conductor.   
Torque-Angle Spikes 
The spikes in the torque noted during the repeated attempts are attributed to the 
sticking and slipping between contact surfaces. One way of looking at this is to 
consider it an early indication of coating failure. On the other hand, this does not 
explain how the coating is still able to perform within a relatively constant average 
torque range after the coating has “failed”. Instead, consider that the counter 
surface is an uncoated one which is badly machined. As the sliding occurs, 
migration of the coating material occurs through the formation of a transfer film 
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on the counter surface. A coated material with a high wear rate will also result in 
the transfer film being able to resist erosion due to wear. This can then be used 
to explain the constant fluctuations occurring on the coatings. An example of this 
is where the Ag-PTFE coating had encountered more fluctuations in torque but 
was still able to outperform the non-cyanide silver coating by requiring less overall 
average torque during the make-up process. 
Excess torque 
An assumption can be made that approximately 17Nm of tightening torque is 
sufficient for successful make-up of the system based on ideal conditions. This 
value represents the lowest torque value from the cyanide silver coating after a 
450 degree cycle of rotation. However, significantly higher readings of maximum 
torque in the torque-angle curve were registered for all the coatings tested during 
the make-up attempts which require an adequate explanation as to where this 
excess torque has gone in the system.  
During the compression fitting make-up process, there are several unlubricated 
contact surfaces, namely the interfaces between the front ferrule with the body 
as well as the interface between the back and front ferrule. If the CoF between 
these unlubricated contact surfaces are greater than the CoF between the back 
ferrule and the coated (lubricated) nut, the torque application will cause the 
lubricated surfaces to slip and rotate. Upon continuous make-up using new 
ferrules with no previous transfer film residue to aid in lubrication, the CoF of the 
worn nut coating will exceed the CoF between the unlubricated surfaces. This will 
result in the front ferrule rotating against the body during make-up. As these 
surfaces are unlubricated, adhesive wear which can ultimately lead to galling of 
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the surfaces will occur between the unlubricated contact surfaces as seen in both 
Figure 6-8 and Figure 6-9.  
 
Figure 6-8 Galling damage on front ferrule observed from the fifth attempt of 
non-cyanide Ag coating 
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Figure 6-9 Galling damage on front ferrule observed from the fifth attempt of 
commercial cyanide Ag coating 
As the opposing forces within the system increase, the application of a higher 
input torque is required to overcome this resulting in the front ferrule pushing 
downwards and outwards. This then creates extra resistance in the system when 
the front ferrule expands and comes into contact with the nut to create an extra 
contact surface. This very phenomenon was observed as shown in Figure 6-10 
and can be used to explain significantly high peaks observed on the torque-angle 
slope for the coatings tested.  
 
Figure 6-10 Observed damages from the fifth attempt of non-cyanide Ag coating 
to the tube and nut as circled in red 
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6.7 Summary of the chapter 
The summary of key findings for this chapter are that firstly, the non-cyanide silver 
coating exhibited consistently poor performance of the coatings considered when 
defined by both total assembly input torque required as well as from the torque-
angle slope. The investigation into the poor performance of the non-cyanide silver 
coating found that it was as a result of inadequate lubrication between the back 
ferrule and nut underhead during make-up. The inadequate lubrication caused 
the contact between the front ferrule and body to slip and the rotation of these 
unlubricated stainless steel surfaces caused galling, which greatly increased the 
input torque required.  
It was also found that when using maximum torque values recorded during make-
up to quantify performance, all coatings experienced deterioration in coating 
performance across the make-up attempts. The commercial cyanide silver 
coating required approximately 2.1 times more input torque on the final make-up 
attempt than its initial attempt. In contrast, the Ag-PTFE coating only required 1.8 
times more torque, suggesting that the Ag-PTFE coating is more robust due to 
less performance loss, even though the Ag-PTFE coating was 7 times thinner. 
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Chapter 7 Summary and conclusions  
 
7.1 Summary  
This research was focused on the development of a self-lubricating non-cyanide 
Ag-PTFE composite coating. Chapter 2 comprised of the literature review which 
highlighted key gaps in current knowledge. Chapter 3 detailed the methodology 
in which the research in developing the coating would be carried out, which 
comprised of 3 stages, namely initial development, coating refinement and finally 
coating assessment for use in threaded compression fittings. The key 
development stages along with CoF outcomes are visually summarised in Figure 
7-1, which were reported in Chapters 4 to 6.  
From a tribological perspective, vast CoF improvements have been made 
throughout the course of this research. The initial uncoated substrate had a CoF 
of 0.6 which was improved to 0.3 using a pure, non-cyanide succinimide silver 
coating. Initial attempts at depositing an Ag-PTFE MMC resulted in a marginal 
CoF improvement to 0.29, while subsequent investigation of electroplating 
parameters through the two-level full factorial experiments improved PTFE 
incorporation while also reducing the CoF to 0.23 as found in Chapter 4. 
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Figure 7-1 Self-lubricating non-cyanide Ag-PTFE development framework with 
CoF outcomes 
 
Chapter 5 refined the coating through investigating PCP usage and strikes which 
found a CoF reduction to 0.2 without the need for a strike. The CoF of 0.06 was 
ultimately achieved by using PCP at F=10Hz in combination with the FC-4 
surfactant in a FC-4:PTFE ratio of 1:1. In comparison, the best CoF performance 
achieved through DCP was a CoF of 0.12 with the FC-4:PTFE ratio of 2:1. On 
the other hand, the PTFE particle incorporation was also >8wt %, meeting the 
incorporation requirements for the coating to be deemed self-lubricating.  
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Chapter 6 was where non-cyanide Ag and non-cyanide Ag-PTFE coatings were 
deposited onto the inner surfaces of stainless steel nuts and subsequent make-
up attempts were carried out to compare their performance, with commercial 
cyanide Ag coated nuts used as a benchmark. The commercial cyanide silver 
coating required approximately 2.1 times more input torque on the final make-up 
attempt than its initial attempt. In contrast, the Ag-PTFE coating only required 1.8 
times more torque, suggesting that the Ag-PTFE coating is more robust due to 
less performance loss, even though the Ag-PTFE coating was 7 times thinner. 
 
7.2 Conclusions 
The aim of this project was to develop a self-lubricating non-cyanide Ag-PTFE 
composite coating suitable for use in threaded compression fittings of the ferruled 
type with several distinct objectives. The first objective was to develop a non-
cyanide silver electroplating bath capable of depositing a coating on a stainless-
steel substrate. The second objective was to develop a self-lubricating coating 
that possesses superior tribological properties over a pure silver coating. The 
third objective was to investigate the performance of the non-cyanide silver and 
silver PTFE coating when used on threaded compression fittings. The project aim 
and objectives have been met, resulting in several unique contributions to 
knowledge because of this study. First is the successful development and 
characterisation of a self-lubricating non-cynanide Ag-PTFE coating on stainless 
steel without a strike resulting in improved CoF of 0.06 from the CoF of 0.6 based 
on an unlubricated surface. Second is the application of a non-cyanide Ag-PTFE 
MMC for threaded compression fittings. Third is the characterisation of the make-
up process of threaded compression fittings through the proposed use of the 
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torque-angle slope in assessing coating performance for threaded compression 
fittings during make-up. 
As a concluding note, it should be noted that this study is limited to laboratory 
testing and deployment on an industrial level has yet to be thoroughly 
investigated. One key assumption for the work that was carried out is based on 
PTFE being in abundant supply within the bath. Furthermore, the impact of the 
coating on corrosion and its survivability under the wide range of operating 
temperatures were not within the scope of this research. As such, these points 
could warrant further areas of scholarship will be discussed in greater detail in 
the next chapter. 
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Chapter 8 Future Work  
 
The development of a self-lubricating non-cyanide Ag-PTFE composite coating 
that is suitable for threaded compression fittings requires core understanding of 
tribology as part of its intended use and chemistry used during its fabrication 
process. The work carried out in this study has highlighted several opportunities 
for further areas of scholarship. These are summarised into their specific 
headings. 
Manufacture 
Based on the assumption that electroplating is the chosen method for depositing 
the silver coating, opportunities for future work arise in the area of transferring the 
knowledge obtained from this study to a manufacturing environment, where 
issues such as cost will come into consideration. Furthermore, the electroplating 
baths used in industry are typically open and exposed. Issues such as surface 
evaporation rate of the bath have to be considered alongside issues such as 
hydrolysis and bath maintenance (steady bath temperature control, pH, etc.). 
There is also the scope for studying particle incorporation within an industrial 
scale electroplating bath which could also provide valuable information into the 
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replenishment requirements of PTFE based on its exhaustion rate from the 
electroplating process. This potential study of particle incorporation could also 
include the ideal hydrodynamic conditions for optimal particle incorporation rates.  
Installation (make-up process) and use 
The transportation of solids and gases where compression fittings are core 
instruments of can be considered relatively low-tech but the failure of components 
could have a devastating impact. Furthermore, some of these fittings are used in 
the harshest possible environments of high temperatures and corrosion. There 
are opportunities to further advance this industry through the application of 
current knowledge and technology during the installation of these components as 
well as over its service life. A prominent example is through the make-up process, 
where instead of providing an angle target to achieve, specifications for torque 
and angle could be provided to ensure that adequate force is applied. In addition 
to that, the silver coating is coupled with stainless steel to prevent galling. Issues 
such as the role of the coating in preventing thread corrosion could warrant further 
study. Furthermore, an assumption that component tolerances were 
representative was made during the experiment involving threaded compression 
fittings. In reality, a range of manufacturing tolerances exist, and the impact of 
the screw thread and ferrule manufacturing tolerances on the impact of the make-
up process could be studied in further detail. These have the impact to directly 
impact the performance of the coating.  
Coating tribology 
The study has highlighted clear tribological benefits in incorporating PTFE into 
the silver MMC with the detriment of wear properties due to PTFE being a 
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relatively soft material. It is possible to potentially reduce wear of the composite 
coating through increasing the coating hardness. Wear performance of the 
coating can potentially be increased by incorporating inorganic particles such as 
SiC, SiO2 or boron nitride while potentially preserving the self-lubrication of PTFE 
by providing additional support to the PTFE structure. Furthermore, there are 
opportunities to expand the study of the coating through encompassing other 
factors. For instance, this study was limited to a single size of nut tested and 
further work could expand on coating tribology for various sizes of nut and even 
different thread types. A focused study on the effects of high temperature towards 
the coating performance could also be mounted.  
Predictive model 
Advances in computing technology mean that various processes can be 
simulated and studied in more detail. These could include the effects of trapped 
debris or lubrication on the installation stresses and quality of the installation. 
Simulation could also be applied to optimisation electroplating bath conditions for 
particle incorporation.  
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Appendix 1 Tribometer Data Collection Steps  
The data collection process steps are as follows: 
1. Check that all cables and connections are connected, power supplied to 
equipment 
2. Ensure that the signal filter amplification is set to x500 for Strain Gauge 
(SG) input and x1 for Fibre Optic (F/O) Sensor input 
3. Check that the system is at a steady state 
4. F/O Sensor calibrated to Vmax = 5.28 and force/deflection linear 
equation calculated 
5. SG force/deflection linear equation calculated 
6. Check friction pin for excess wear 
7. Mount sample on the 5 degree incline 
8. Without the pin touching the test sample, adjust the SG resistor to read 
Vout = -0.025V (+/-0.025) 
9. Applying the least amount of downwards force onto the pin, carefully 
tighten the friction pin until Vout = 0.025V (+/-0.025) 
10. Using the motor controller software, set the required run distance  
11. Start LABVIEW and run the data  acquisition/collection application 
12. Start data acquisition and start the motor cycle  immediately (+2s/-0S) 
 
Consumables Parts List 
Component/Part Supplier Reference 
Strain gauge RS Components RS Stock No 632-146 
Potentiometer RS Components RS Stock No 692-8519P 
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Appendix 2 ISO Screw thread profile measurements 
 
 
 
The ISO screw thread profile measurements are defined by the following 
criteria:  
 
P = 0.05” (1.27mm) 
H = 0.0433” (1.0998mm) 
Dmaj = 0.4375” (11.1125mm) 
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Appendix 3 Norbar Equipment Specification  
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Appendix 4 Weighted decision matrix scoring for each key 
criteria by output range 
Criteria Output Range(s) Score 
CoF Performance 
<0.25 9 
0.25 - 0.3 3 
0.3 - 0.4 1 
>0.4 0 
Particle 
incorporation 
>10% 9 
5 - 10% 3 
2 - 5% 1 
<2% 0 
Adhesion 
>1.5 9 
1 - 1.5 3 
0.5 – 1 1 
<0.5 0 
Galling and Wear 
No galling observed; Moderate 
wear 
9 
Some galling observed; moderate 
wear 
3 
Serious galling/high wear 1 
N/A 0 
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